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FOREWORD

This report presents the theoretical and experimental results

of a _-year study titled Fluorine/Hydrogen Performance Evalua-

tion Program. The Contract, NASw-1229, was conducted by

Rocketdyne, a Division of North American Aviation, Inc., and

was directed for the National Aeronautics and Space Admini-

stration by F. Stephenson (NASA Headquarters) and P. Herr

(N_A-L_).

The report is submitted in two volumes:

Phase I, Part I.

Phase I, Part II.

Analysis, Design, and Demonstration of

High-Performance Injectors for the Liquid

Fluorine-Gaseous Hydrogen Propellant
Combination

Nozzle Performance Analysis and Demonstration

ABSTRACT

This volume, Part II of the Fluorine/Hydrogen Performance

Evaluation Program Report presents the results of a research

program conducted under NASA Contract NASw-1229. Analytical

and experimental studies were performed to establish the

deliverable thrust chamber performance of the fluorine/hydrogen

propellant combination. Six high area ratio nozzle contours

were tested in an altitude simulation facility, and the results

were compared to analytical predictions. A new type of nozzle

contour, intended to improve delivered performance by encourag-

ing chemical recombination, was designed and experimentally

evaluated.
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INTRODUCTI ON

The fluorine/hydrogen propellant combination is, on a theoretical basis,

one of the most promising of the advanced liquid bipropellant systems.

Whether this high theoretical performance could be achieved in practice,

however, has long been questioned. Limited previous experimental data

exhibited interesting trends; significant performance losses were evident

a% low chamber pressures but the losses were more sensitive to nozzle

contour than existing theory would have indicated. Consequently, a per-

formance investigation program was undertaken %o establish the true po-

tential of %his propellant combination while extending the pressure range

of available test data, and %o develop an improved theoretical performance

model which would correlate the new and existing performance data.

This program had the following major objectives:

1. Demonstration of high combustion efficiencies over a range of

chamber pressures and mixture ratios

2. Precise determination of deliverable performance in high-area-

ratio nozzles for a range of chamber pressures and mixture ratios

5. Experimental evaluation of the controlled expansion nozzle
t

concept as a means of improving nozzle efficiency

_. Determination of the effect of various nozzle configurations

on performance

5. Establishment of a kinetic model and rate constants capable of

accurate performance predictions

6. Evaluation of heat transfer characteristics of the fluorine/hydrogen

propellant combination
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The program was initially divided into three major %asks; subsequently

a fourth task was added to clarify performance trends.

Task I:

Task II:

Hardware Design and Analysis

1. Analysis and design to establish injector, chamber, and

nozzle configurations

2. Thrust chamber performance analysis and nozzle contour

design, including the design of a controlled expansion

nozzle contour

Injector Performance Demonstration

1. Experimental demonstration of an injector/chamber

configuration(s) that provides minimum corrected c _

efficiency of 97 percent over a nine-point chamber

pressure/mixture ratio matrix

2. Determination of thrust chamber longitudinal and cir-

cumferential heat transfer characteristics

Task III: Nozzle Performance Tests

Experimental evaluation of vacuum specific impulse effici-

ency attainable in heat sink hardware from 60:1 area ratio

nozzles of 15-degree conical, 70-percent bell, and controlled

expansion contours

Task IV: Investigation of Nozzle Geometry Effects on Performance

1. Analysis of three additional nozzles including a 10-degree

conical, a 20-degree conical,and a 15-degree conical with

a different throat radius of curvature ratio

2. Experimental evaluation of vacuum specific impulse effici-

ency attainable from the Task IV nozzles

2
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This volume contains a description of the work performed under Part II

of the program, containing Tasks III and IV and the portion of Task I

devoted to nozzle design and analysis. The most significant achievements

during this phase of the program were the experimental evaluation of the

controlled expansion nozzle and the comparison of the analytically pre-

dicted and the delivered performance of the six nozzles tested.

The initial sections of this report present the correlation of the ex-

perimental data obtained for the various nozzles, and the optimization

procedure for the controlled expansion nozzle design. Supporting details

are provided in subsequent sections and include the methods and equipment

used to conduct the test program and to evaluate the data, the experi-

mental heat transfer results, and the results of a cold flow performance

investigation of the controlled expansion nozzle. Theoretical performance

maps are also presented.
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SUMMARY

Thrust chamber performance characteristics of the fluorine/hydrogen pro-

pellant combination were investigated theoretically and experimentally.

In four major tasks, performance analyses and nozzle design studies were

conducted, high injector efficiency was demonstrated, and high area ratio

nozzle performance was established. This volume of the project final

report contains the results of the analytical and experimental studies

related to the high area ratio nozzle performance investigation.

Using a triplet pattern injector developed earlier in the program and

discussed in Volume 1, performance tests were made with six different

nozzle contours. The contours were all area ratio 60:1 and included noz-

zles of 15-degree (2 throat configurations), lO-degree and 20-degree half

angles, a 70-percent length aerodynamically optimized bell nozzle, and an

80-percent length controlled expansion nozzle. The controlled expansion

nozzle was designed to minimize the combined kinetic, aerodynamic, and

drag losses and thus achieve a maximum performance improvement over the

aerodynamically optimized (conventional) bell nozzle.

The thrust chambers and the test stand were highly instrumented and pro-

duced high quality test results. The theoretical model produced satis-

factory agreement with the experimental values of nozzle performance for

all of the nozzles tested.

The thrust chambers were short-test-duration heat sink designs. The com-

bustion chamber for all configurations utilized copper, and the nozzle

extensions for all except the controlled expansion design utilized steel.

The initial chambers used copper for the throat section while those in

Task IV used low carbon steel. The controlled expansion nozzle was fab-

ricated entirely of copper.

5
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Nozzle performance tests were conducted at Rocketdyne's Nevada Field Lab-

oratory (NFL) medium thrust altitude simulation facility. This facility

consists of two horizontal firing altitude test capsules with a common

two-stage, steam-powered, ejector-diffuser system capable of producing an

altitude in excess of 100,000 feet for 150-seconds duration. Sixty-six

hyperflow starts were made, producing 105 high quality data points. Several

engine tests were conducted at ambient conditions during system calibra-

tion and checkout. Data were obtained for each of the Task III nozzles

(15-degree long throat conical, 70-percent bell, and controlled expansion)

at nominal chamber pressures of 50, lO0 and 175 psia with mixture ratio

varied over the nominal range of 9:1 to 15:1. In addition, some mixture ratios

as low as _:1 were obtained to provide better definition of the perform-

ance vs mixture ratio curves. Testing during Task IV was limited to a

nominal chamber pressure of 50 psia; however, mixture ratio covered the

same nominal range.

Theoretical nozzle performance analyses were performed for each of the

nozzles over the complete test matrix of chamber pressures and mixture ratios.

Performance loss modes considered were aerodynamic, viscous drag, chemical

reaction kinetic, and heat loss. Additional calculations were made to

assess the effect of propellant impurities on performance efficiency to

facilitate comparisons between theory and experiment. A study of the re-

action kinetic literature and the performance data obtained during this

and other fluorine/hydrogen test programs led to a selection of a new set

of rate constants and third body efficiencies. To aid in verification of

the aerodynamic efficiency prediction of the controlled expansion nozzle,

a 1/5-scale model was tested in the Rocketdyne cold flow facility.

The theoretical calculations predicted the mean of the experimental data

within 0,5 percent. The data scatter was relatively small with Task III

showing virtually all of the data within 2 percent and two-thirds within

1 percent. The Task IV data with instrumentation systems optimized for the

single pressure range operation had approximately half the data scatter with
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the major portion within 0.5 percent of the mean. Within this small dis-

agreement, there was a general trend for the cones to perform slightly

higher than theory and for the contoured nozzles to perform slightly lower

than theory. The dependence of performance efficiency on chamber pressures

was accurately predicted by the theoretical model. Results indicate that

at moderate pump-fed chamber pressures, the delivered efficiency becomes

very high.

The scatter of the test data was sufficiently small in comparison to the

performance difference between the nozzles that a definite trend was estab-

lished. As predicted, the controlled expansion nozzle performed approximately

1 percent higher than the bell at 50 psia. The 15-degree long throat cone

performance, however, was approximately 1 percent higher than the controlled

expansion nozzle, although there was some overlap. Performance was predicted

to have been essentially the same.

The second 15-degree conical nozzle, which has a different throat radius of

curvature ratio, P/RT, performed essentially the same as the initial design

indicating that this parameter has a minor effect on nozzle performance.

This was as predicted. The other Task IV conical nozzles performed gen-

erally as predicted except, as was typical with all the conical types,

the performance was approximately 0.25 percent higher than theory.

As part of the investigation program, several of the nozzles had wall pres-

sure measurements along the length of the nozzle. The values from these

measurements were compared to the kinetically predicted values and showed

good agreement.

Nozzle wall temperature data were obtained for some nozzles to establish

the axial and circumferential variations in heat transfer. (Heat transfer

data for the combustion chamber were obtained in the injector test program

and are discussed in Volume I.)
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CONCLUSI ONS

As a result of investigations performed under this contract, the following

items were demonstrated:

.

.

,

2,

The deliverable performance of fluorine/hydrogen can now be

predicted with confidence, and in the range tested to within

approximately 0.5 percent.

The "controlled expansion" nozzle contour has successfully demon-

strated that nozzles can be designed to encourage chemical recom-

bination and deliver higher performance than standard aerodynam-

ically designed contours of equal length.

High combustion efficiencies (greater than the contractually

required value of 97 percent) can be obtained over a wide range

of chamber pressures and mixture ratios using a single injector.

Experimental data have verified the sensitivity of kinetic effi-

ciency to chamber pressure, mixture ratio, and nozzle contour.

a. The theoretical model accurately predicts the relationship

between chamber pressure and thrust chamber efficiency. Over

the pressure range tested (50 to 175 psia), the slope of effi-

ciency vs pressure is steep, leading to high efficiencies at

approximately 500 to 600 psia.

b. The experimental curves of efficiency vs mixture ratio agreed

well with theory in the 9 to 15 mixture ratio range but the

limited number of data points in the vicinity of 4 to 6 ap-

peared to be 1 to 2 percent higher than theory.

c. The six nozzle contours tested were considerably different but

the mean of the performance of each was predicted within 0.5

9
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percent by the theory. However, the cones were consistently

0.25 to 0.5 percent above theory, while the controlled expan-

sion and bell nozzles were 0.5 percent below theory; as a

result the difference between the cones and the other two

nozzles were approximately 1 percent greater than predicted.

10
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DATA CORRELATION

In this section, the performance data generated in the Task III and IV

test programs are compared to theoretical predictions. The comparisons

are made both in terms of thrust chamber efficiency and delivered specific

impulse. For the task III nozzles, each of the three nominal chamber

pressures, 50, 100 and 175 psia, are shown over a mixture ratio range of

to 18 while the Task IV nozzles are shown at the nominal chamber pres-

sure of 50 psia over the same mixture ratio range. Nominal mixture ratio

range was 9 to 15; however, the extended range was used to obtain better

curve definition due to the small performance variations in the 9 to 15

range.

THRUST CHAMBER EFFICIENCY

Thrust chamber efficiency, theoretically, is equal to one minus the sum

of the divergence, drag, kinetic, and heat loss corrections where the cor-

rections are expressed as the difference between one and the calculated

efficiency.

Thus:

_TCtheo: 1 -[(I-%) + (I- _) + (I- _) ÷ (_I - 1)]
S

This can be simplified to:

= -1

S

Experimentally, the value is equal to the delivered vacuum specific im-

pulse efficiency, corrected for the effects of combustion inefficiency

and propellant impurities.

11
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Thus:

H I

_ vac + (
_'_Cex p _c_¢ I I

corr s

-i)

l_lere ?Tc_cor r represents combustion efficiency corrected by converting the

measured efficiency to the aerodynamic throat, no heat loss and pure fluorine

conditions.

Hixture Ratio Effects

The efficiency correlations vs mixture ratio for the various nozzles are

sho_ in Fig. 1 through 1_. In each case, the distance between 1.0 and

line A is the heat loss. Line B represents the sum of the heat loss and

divergence effects; line C the sum of heat loss, divergence, and drag

effects. Line D in each figure represents the sum of heat loss, divergence,

drag, and kinetic effects and is the theoretically predicted curve of thrust

chamber efficiency vs mixture ratio for the indicated nozzle and cha_)er

pressure.

The two 15-degree nozzles discussed and described as "long throat" (Task

III) and "short throat" (Task IV) are identical except for the nozzle con-

tour at the exit of the throat section. The radius of curvature ratios,

D/RT, are 5.635 and 0.392, respectively, thus tile long and short designation.

From Fig. 1 through 3 , for the 15-degree long throat conical nozzle, it

is seen that there is a consistent trend for the mean of the data to be

approximately 0.5 percent above the theoretical line. In Fig. 2 , for

100 psia, one point is shown for the conical nozzle used early in the

12
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program for system checkout. This data point is shox_ 1 percent higher

than observed because an imperfection in the contour produced approximately

a 0.5-percent geometric efficiency loss relative to the perfect cone, and

because the test was actually at 85 psia x&ich caused an additional effic-

iency reduction of 0.5 percent on a theoretical basis.

Data and theory for the 70-percent bell nozzle are compared in Fig.

through 6. tIere it is seen that in the 9 to 15 mixture ratio range the

mean oF tile data are generally 0.5 percent below the theoretical li:'.e.

At the very low mixture ratios, there is a tendency for the data t_, be 1

t(_ 2 percent, hi,<her than theory (although this is somewhat obscured by

the une,-:ptai,ably low data between mixture ratios of 5 and 8 at 100 psia).

This trend, if more thoroughly verified, would indicate that II 2 may be a

more efficient third body (in recombination reactions) than has been assumed.

This deduction is based on the greatly increased concentration of H 2 in the

combustion products at low mixture ratios (Fig. 77).

The results for the controlled expansion nozzle are sho_,ll in Fig. 7 t,o

9 IIere, in the 9 to 15 mixture ratio range, the data are about 0.5

percent below the theory at 50 psia, 1 to 1.5 percent low at 100 psia,

and in virtually perfect agreement at 175 psia. In view of the excellent

a[:reemeut at pressures of 50 and 175 psia, the data at 100 psia appear

soumwhat al_omalous, although the tight scatter of the data tends to support

the validity of these points. At very low mixture ratios for 50 psia the

data. as was the case for the bell, are 1 to 2 percent above the theoretical

i ine.

Task IV data are sho_m in Fig. 10 through 12 for the lO-degree, 15-degree

short thr()_,t, and 20-degree conical nozzles, respectively. The mean of

all of the test data is 0.24 percent higher than the theory. This is con-

sistcnt with the previous results with the 15-degree long throat nozzle.

The 50-psia data and theory for the three Task III nozzles are summarized

in Fig. 13. The 15-degree long throat cone and controlled expansion

16
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nozzles were predicted to have equal performance, both about 1 percent

higher than the 70-percent bell. From the figure it is clear that the

controlled expansion nozzle performance is, indeed, 1 percent higher than

the bell although both are about 0.5 percent below their theoretical lines.

The controlled expansion data points overlap the lower portion of the cone

data scatter, although the mean of the cone data is 0.5 percent above

theoretical. Thus, in the 9 to 15 mixture ratio range, the 15-degree cone

performed 1 percent higher in relation to the other two nozzles than was

predicted, but all the nozzles performed within 0.5 percent of theory. At

the very low mixture ratios, as predicted, the mean of the bell data be-

comes slightly higher than or equal to the mean of the controlled expansion

data. However, all five data points are above the theoretical lines.

Figure 1_ compares the performance of the Task IV conical nozzles and the

Task III 15-degree conical nozzle. The 10- and 15-degree cones achieved

nearly equal performance as a result of the increased kinetic efficiency

and decreased drag efficiency of the lO-degree relative to the 15-degree

cone. The 20-degree cone had lower performance than any of the others.

The two 15-degree cones had essentially equal performance, verifying that

in the range of conditions tested the divergence angle, and not the throat

radius of curvature, dominates the performance.

Chamber Pressure Effects

To compare the experimental and theoretical trends with chamber pressure,

Fig. 15 tol8 are presented. The theoretical lines on these figures are

analogous to the similar lines on Fig. 1 to 1_, but express the varia-

tion of performance with chamber pressure for a mixture ratio of 15:1.

The bars indicate the location and width of the data band on the effici-

ency vs mixture ratio curves. It is seen that the bands for the 15 degree

long throat cone and bell parallel the curves almost exactly, with the

26
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cone data 0.5 percent above its theoretical line and the bell 0.5 percent

below. As was evident from the curves vs mixture ratio, the controlled

expansion nozzle is in good agreement except at i00 psia ,_ere it seems low.

The data bands and theoretical lines are summarized in Fig. 18 . (The

bands for the controlled expansion nozzle have been displaced slightly to

the right for the sake of visibility.) The difference in performance for

the three nozzles is evident. The controlled expansion nozzle maintains

its advantage over the 70-percent bell for the entire range of pressures

from 50 to 175 psia. The cone remains slightly higher than expected.

The theoretical analysis is seen to predict the dependence of thrust cham-

ber efficiency on chamber pressure with a high degree of accuracy.

The efficiencies of all three nozzles improved by approximately 5 percent

over the range from 50 to 175 psia. From Fig. 19 it is seen that the kin-

eric efficiency alone increases 5 percent for the cone and 6 percent for

the bell when the pressure is increased from 50 to 600 psia. The heat

loss and drag losses also decrease over this range, leading to high

fluorine/hydrogen performance predictions at moderate pump-fed chamber

pressures.

A brief statistical analysis was conducted to determine the accuracy of

the analytical predictions. Figures 20 and 21 show the Task III and

Task IV data, respectively, plotted as deviation from theory vs mixture

ratio. For the Task III data, the mean value of the deviation was -0.2

percent, and the standard deviation was approximately 1 percent. Thus,

the theory predicted two-thirds of the data points within 1 percent and

virtually all of the data points within 2 percent. For the Task IV data,
J

the mean value of the deviation was+O.25 percent and the standard devia-

tion 0.5 percent. Thus, virtually all of the dataWere predicted within

1 percent.
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The shift in the mean value is indicative of the type of nozzles tested

in the two tasks. As was pointed out previously, the conical nozzles

tended to perform slightly higher than theory while the contoured nozzles

were somewhat lower. The tighter data band indicated in Task IV is a

result of optimization of the instrumentation systems for the single

chamber pressure level of operation.

SPECIFIC IMPULSE

Figures 22 through 26 show the delivered specific impulse and the theo-

retical predictions for the various nozzles. For comparative purposes,

all data were corrected to a nominal combustion efficiency of 98 percent.

This was done to reduce the data scatter caused by the flow measurements,

which are not as precise as the thrust and chamber pressure measurements.

The 98-percent value is an approximate mean of the combustion efficiencies.

These data have the same characteristics as the nozzle efficiency, with

the conical nozzles in general, slightly higher than the predicted values

and the contoured nozzles slightly below, with the differences in the order

of 0.5 percent or less. The t_o 15-degree conical nozzles are compared

in Fig. 26.

NOZZLE PRESSURE COP_EIATION

As part of the performance study, nozzle pressure profile measurements

were made for the various nozzles. These are shown in Fig.27 through 32,

along with a theoretical predicted equilibrium profile, and a predicted

actual profile accounting for kinetic effects. Again, good correlation

between the predicted and actual values can be noted, further emphasing

the ability of the analytical technique to predict nozzle performance and

flow characteristics.
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CONTROLLED EXPANSION NOZZLE DESIGN

One of the primary objectives of this program was the development of a

controlled expansion nozzle contour which would provide increased perforn-

ance when compared to conventional-type nozzles. Prior to this program,

nozzles were generally designed to maximize aerodynamic (geometric)efficiency.

This was satisfactory for most propellant combinations in that a minimum of

dissociation occurs and consequently chemical kinetic effects on nozzle

performance are small.

In this program, where the fluorine-hydrogen was tested at low chamber

pressures, kinetic effects were large. Therefore, an optimization proce-

dure considering aerodynamics, chemical kinetics, and viscous drag was

utilized to develop a nozzle (controlled expansion) which would minimize

the sum of these losses. It was found that significant overall performance

gains could be achieved by proper contouring of the nozzle throat region.

Because a study of this type and in this depth had not been attempted pre-

viously, the Task III study was broken into two phases: the first explor-

atory, and the second a design selection. In Task IV, further studies

were conducted to improve the performance of the Task III controlled ex-

pansion contour. This section discusses in detail the studies conducted

and the results.

The Task III exploratory phase was restricted to circular throat contours

of varying throat circle radius, p/Rt, as shown in Fig. 33- The value of,

p/R t defines an entire nozzle, because a ground rule of the study was that

the downstream section would always be the aerodynamic optimum associated

with the upstream section defined by p/R t. Nozzles of the type thus re-

stricted were studied by varying the single parameter p/R t.

_9
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The circular throat-type bell nozzle contour was optimized for liquid

fluorine/gaseous hydrogen (77 F) for the fixed nozzle parameters of 60:1

area ratio and 80 percent length (based on a sharp throat 15-degree cone)

and a 2.1-inch throat radius. Chamber pressures of 50 and 100 psia at

mixture ratios of 15:1 and 12:1, respectively, were analyzed.

Several bell nozzles, each having a different throat circle radius (vary-

ing from a p/R t of 0.000t to 10) were designed and analyzed. Based on the

literature survey (Table 6 ) reaction rate constants, the optimum throat

circle radius (P/Rt) for the lO0-psia chamber pressure and 12:1 mixture

ratio condition was approximately 5.0, and for 50 psia and 15:1 the optimum

P/Rt had not yet been reached at the upper limit of 10. This result is

particularly significant in light of the common practice of using fairly

small values of the throat radius ratio.

The geometric, drag, and kinetic efficiencies of the nozzles analyzed are

shown in Fig. 36, 37, and 38, respectively. Details of these analytical

procedures are presented in the Performance Analysis section. As shown

in Fig. 39, overall efficiency gains of approximately 0.3 and 1 percent

were achieved by the optimum circular throat bell nozzle over the conven-

tional 0.392 p/Rt bell nozzle at the 100-psia and 50-psia chamber pressure

conditions, respectively.

The second phase of the Task III study used the knowledge gained in the

exploratory phase and utilized a more sophisticated throat contour. This

study indicated that the kinetic efficiency could be further improved by

the use of contours of more advanced types.

An analysis was conducted on a nozzle formed by a 15-degree cone truncated

at the experimentally indicated freezing point. A circle of 0.5 p/R t was

added at this point, the breakpoint, and an optimum aerodynamic section

attached.
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For this nozzle, gains of approximately 0.1 percent over the optimum

circular throat bell nozzle and 0.3 to 0.5 percent over the Task III

15-degree cone were predicted. This represents gains of 0.5 to 1.1 per-

cent over a conventional 70-percent bell nozzle (p/Rt) of 0.392. These

results are shown in Table 1.

Because of the significant potential gains of this type of nozzle, a

conical throat region followed by an aerodynamically optimized section

was selected for use in the Task III test program. The breMcpoint was

selected as the point at which the experimental kinetic efficiency indi-

cated that chemical freezing was occurring for a chamber pressure of 50

psia and a mixture ratio of 15:1. Thus, the breakpoint was chosen at a

local area ratio of 2.65. The selected Task III controlled expansion

nozzle is shown in Fig. _5. Resultant theoretical efficiency improvement

was 1 percent over the 70-percent bell at 50 psia, 15 mixtu_e ra_i,:.

However, based on the experimental efficiency of the 15-degree cone, an

improvement for the controlled expansion nozzle over the 70-percent bell

of 2 percent was predicted.

In the Task IV studies, the conical throat region was varied parametri-

cally to determine the ultimate potential of this type of nozzle design.

Contoured throat regions were also investigated. The largest performance

gain relative to the Task III contour was predicted for a conical throat

region of 12 degrees. This nozzle was predicted to achieve a 0.3-percent

performance gain over the Task III contour. Continued effort on the con-

trolled expansion nozzle was expected possibly to produce a 0.5-percent

performance improvement. However because this additional potential im-

provemen6 was small, this contour was not tested in Task IV.
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CIRCULAR THROAT CONTOUR STUDY

In optimizing the circular throat bell nozzle, a (p/R t) range from 0.0001

to lO was investigated. Several bell nozzles were designed and analyzed.

Each nozzle was designed to achieve optimum geometric performance subject

to the specified circular throat contour. The optimization was performed

for the following conditions.

Propellant:

Nozzle Area Ratio:

Nozzle Length:

Throat Radius :

Liquid fluorine/gaseous hydrogen (77 F) at

chemical equilibrium

60:1

80 percent of a sharp throat 15-degree cone

201 inches (approximately 2500 pounds of thrust

at lO0-psia chamber pressure).

A chamber pressure of 50 psia and a mixture ratio of 15:1 were also analyzed.

The range of the contours included in this study is indicated by the com-

parison shown in Fig. 3_.

The bell nozzles were designed and analyzed using variable property f]o_:

fields for the above propellant parameters. The nozzles were designed

for optimum aerodynamic performance using the Rao aerodynamic optimization

criterion.

The first step in the bell nozzle contour design was to construct a "map"

to obtain ttle optimum aerodynamic control surface. In mapping, two par_un-

eters are used: emax, the wall angle where the aerodynamic portion of

contour attaches to the throat circle, and M D' the Mach number at a point

on the characteristic line (see page 5_, having flow angle at the wall

of ema x •

5_
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Each co_)ination 0 M_D is associated, through the Rao criterion,max'

with an aerodynamically optimum nozzle of some area ratio and some per-

cent length. The problem in nozzle optimization is to find the point

@max' M*D associated with the desired area ratio and percent length.

As an example of this procedure, Fig. 35 contains the map used to optimize

the contour with a throat radius ratio of 0.5. The values of e and
max

M_D for the desired ¢ and 5 were interpolated and found to be 33.8

degrees and 2.7561, respectively. Having determined these two values,

the optimum contour was generated by using the method of characteristics

"in reverse;" i.e., the procedure was used starting from the control

surface and moving upstream.

For future bell nozzle designs with circular throat contours, variations

of the nozzle contour parameters with throat circle radius are discussed

and presented in Appendix A.

Once designed, the nozzles were analyzed for aerodynamic, drag, and kin-

etic efficiency by the procedures discussed in the Performance Analysis

section, using the preliminary reaction rates shown in the first column

of Table 6 for the chemical kinetic analysis. The stream-tube kinetic

analysis procedure was used throughout the study.
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Nozzle Geometric Efficiency

The geometric efficiency analysis results indicated that because an in-

in (D/Rt) D resulted in a decrease in available nozzle length forcrease

the optimum aerodynamic contour, a decrease in nozzle geometric efficiency

shown in Fig. 36. Over the extreme variation of (D/Rt) Doccurred as

of 0.0001 to i0, the geometric efficiency decreased from 0.99_2 to 0.9805

a decrease of 1.33 percent.

Drag Efficiency

The viscous drag efficiencies of the bell nozzles were determined for

laminar and turbulent boundary layers at a chamber pressure of 100 psia

and a mixture ratio of 12:1, as shown in Fig. 37- The shape of the drag

efficiency curve is explained by a tradeoff between wall surface area in

the high shear region near the throat, which increases with increasing

throat radius, and the total surface area, which decreases. The heat

transfer test results from the 15-degree cone (1.9:1 area ratio) Task II

nozzle indicated that the boundary layer was turbulent; therefore, the

drag efficiencies based on a turbulent boundary layer were used in com-

puting overall nozzle efficiencies.

For a chamber pressure of 50 psia and mixture ratio of 15:1, the drag

efficiencies were obtained by ratioing the drag efficiency of the 70-

percent bell Task III nozzle at a chamber pressure of 100 psia and a

mixture ratio of 12:1, and applying this correction to all the 100 psia

and 12:1 mixture ratio drag results.

58



m l_.OC.li_...t_..TDll¢..1._ !_= • A DIVISION OF" NORTH AMERICAN AVIATION, INC.

1.00

O. 98

t_

C

o_._

o_1

.p.4

O

r_

_4
_4
0

0.96

0.94

0.92

0.90

Chamber Pressure

Mixture Ratio

Area Ratio

0.3 0.5 0.7 1.0 2.0 3.0

m

= I00 psi a

= 12zl

= 60=i --

5.0 %0 I0.0

Downstream Throat Radius of Curvature (P/Rt) D

Figure 36. Geometric Efficiency as a Function of Throat Radius of Curvature



m
]i_l.O 4E:: IK" E T I_"_ll_ _ i:_= • A DIVISION OF' NORTH AMERICAN AVIATION. INC

1.00

Laminar Boundary Layer

C3
g-

¢9
C

°F'd

£9
o,=_

it0

C_

_==d

N
N
0

0.98

0.96

0.94

0.92

0.90

Turbulent Boundary Layer

i

LF2/GH 2

P = 100 PSIA
C

MR = 12:1

0.3 0.5 0.7 1.0 2.0 3.0 5.0 7.0 10.0

Downstream Throat Radius of Curvature (P/Rt)D

Figure 57. Drag Efficiency as a Function of Throat Radius of Curvature

6o



m
l:l.OgC_::_¢"l¢=''_r]K_Jk,"]_ R_ • A DIVISION OF NORTH AMERICAN AVIATION, INC.

Reaction Kinetic Efficiency

Streamtube kinetic performance analyses were performed for the bell nozzles

having a (_/Rt) D of 0.592, i, 2, 5, and i0 for chamber pressures of 50

and 100 psia at mixture ratios of 15:1 and 12:1, respectively.

As indicated in Fig. 5S, the _E increased with an increase in (p/Rt) D.

(Although the _K vs (D/Rt) D curve on a semilog plot indicated an increas-

ing slope in the curve, a linear plot of the same parameters would re-

suitina decreasi_slope) A larger(_/Rt)D decreasesthenozzleflow
expansion rate which in turn increases WK" An increase of 2.2 percent

was achieved by increasing (p/Rt) D from 0.592 to I0 at a chamber pressure

of 50 psia and a mixture ratio of 15:1. At 100-psia chamber pressure and

12:1 mixture ratio, the _K increase was 0.8 percent.

Overall Nozzle Efficiency

The overall nozzle efficiency was defined as WG + _D + WK - 2 and is

shown in Fig. 59. The overall nozzle efficiency of the circular throat

contour bell nozzles attained a maximum for a (P/Rt) D of approximately

5 for the 100-psia chamber pressure.

For 50 psia and mixture ratio of 15:1, the overall efficiency continued

to increase over the entire range of (P/Rt)D_ analyzed. This indicates

thatforthisconditiont_e(_/Rt)D attaini_the_=im= overalleffi-
ciencywas greater than i0.
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TASK III, NOZZLE DESIGN SELECTION

The circular throat contour optimization study showed that significant

overall performance gains can be achieved even by such a simplified ver-

sion of the controlled expansion concept. The design selection study

indicated that even larger performance gains can be achieved through a

more sophisticated throat contour design, and provided some insight into

what such a nozzle would look like. This insight resulted in some guide-

lines which were followed in selecting the contour to be fabricated and

tested.

In discussing these guidelines, it is necessary to define the two genera]

types of throat contours: (1) concave-out, and (2) concave-in. The con-

cave-out throat contour (Fig. _0 ) has an increasing or constant slope.

The slope of the concave-in throat contour (Fig. /_0 ) increases and _hen

later decreases.

Nozzle Geometric Efficiency Improvement

As indicated by Fig. A-l, an increase in (D/Rt) D results in a large in-

crease in circular throat contour length to achieve the same wall angle,

8. An increase in throat contour length decreases the available aero-

dynamic length resulting in a decrease in Wg. Therefore, any method of

decreasing the throat contour length without decreasing WKWOUld be

beneficial. From the freezing surfaces shown in Fig._l , it was noted

that for the two conditions analyzed, (i) chamber pressure = I00 psia

and mixture ratio = 12:1, and (2) chamber pressure = 50 psia and mixtur_

ratio = 15:1, that portions of the circular throat contour (Regions 1

and 3) could be shortened with WK remaining essentially constant, thus

6b



l_,.OC'B_'tl_"l_D'_J_/'l'ql_ tl_ • A DIVISION OF NORTH AMERICAN AVIATION. INC.

o

<_

o
I I

O r.)
Z Z
0 0
0 o .4..a

t_

_4

0

0
rO

0

0

o
e_

.r,,I



IntO C _ E T ]l_J_" _ IE_ • A DIVISION OF NORTH AMERICAN AVIATION INC

0

o

o

o

+_

o
._..i
b__

e_

©

66



m
ROC]iI_.tI_*"IF'II_'_I_']_bI'B_ • A DIVISION OF NORTH AMERICAN AVIATION, INC.

improving the overall performance. Ideally, this type of contour may be

represented by a function which has a radius of curvature which is initi-

ally small, increases rapidly, and then decreases rapidly. However,

more simply, it may be described by three tangentially-joined circles,

a "triple-circle" throat contour, the first and last circles having a

small radius of curvature and the second circle having a large radius of

curvature.

Preliminary analysis performed on the D/R t of 5.0 circular throat nozzle

using two circles (P/Rt) 1 = 5.0 and (P/Rt) 2 = 0.5 indicated a net per-

formance gain of approximately 0.1 percent over the (P/Rt) D of 5 circular

throat bell nozzle.

Reaction Kinetic Efficiency Improvement

In the preceding discussion, the geometric efficiency was improved with

_K essentially fixed. An observation of _G' _K' and _D (Fig. 36 through 38)

indicated that WKhad the lowest value of any of the efficiencies(approxi-

mately 0.93) and therefore the greatest room for improvement. This obser-

vation, coupled with the fact that the 15-degree long throat cone had a

higher kinetic efficiency than any of the circular throat nozzles studied_

led to the investigation of a nozzle which was formed by a 15-degree cone

truncated at the 100-psia chamber pressure, 12:1 mixture ratio freezing

point. A p/R t of 0.5 was added to the conical section and an optimum

aerodynamic section attached as shown in Fig. 42.

This type of nozzle consists of an initial circle radius (P/Rt) I, which

becomes tangent at the angle, 5, to a conical section extending to (X/Rt) B.

A circle of radius (P/Rt) 3 turns the wall from angle, 5, to the angle indi-

cated for an aerodynamically optimized contour from that point to the

nozzle exit.
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The analyzed contour had (P/Rt) 1 of 3.635, {_ of 15 degrees, (P/Rt) 3 of

0.5, and a (X/Rt) B of 2.8. This type of throat contour is a simplified

triple-circle throat contour

(D/Rt)I = 5.635, (P/Rt)2 : _' (P/Rt) 5 : 0.5, _ : 15 degrees

As shown in Table 1, this design showed gains of 0.5 to 1.1 percent over

the conventional 70-percent bell nozzle, (P/Rt) D of 0.392. Gains of

approximately 0.1 percent over the optimum circular throat bell nozzle

and 0.3 to 0.5 percent over the 15-degree long throat cone were predicted.

Task Ill test data for the 15-degree long throat cone indicated experi-

mental kinetic efficiencies approximately 1 percent higher than predicted,

while data for the 70-percent bell indicated good agreement with theoret-

ical predictions (although slightly lower than predicted).

Considering the possibility that the theoretical kinetic model was not

sufficiently sensitive to nozzle con%our, it was decided that the best

chance of verifying the controlled expansion nozzle concept was %o use

a throat contour exactly duplicating that of the cone. In this way, the

same kinetic efficiency should be achieved. In addition, a kinetic effi-

ciency prediction for the new nozzle could be made independent of a

kinetic theory.

At this time the decision was also made to select the contour with the

greatest chance of verifying the controlled expansion concept. Because

the greatest potential performance improvement is at a chamber pressure

of 50 psia and a mixture ratio of 15:1, the breakpoint was selected at

the indicated freezing point of the Task III 15-degree long throat at

that pressure and mixture ratio.
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This breakpoint occurred at a local area ratio of 2.63 and a normalized

axial location of 2.8. The selected contour is shown in Fig. _3, and

the coordinates are tabulated in Table 2. Figure 4_ contains a graph of

geometric efficiency vs the axial location of the breakpoint, from which

it is seen that the efficiency is 0.9818. The drag efficiency was co_:_)uted

to be 0.961.

For this nozzle it was then possible to make two performance predictions,

one based on theoretical kinetic efficiency and one based on the experi-

mental kinetic efficiency of %he 15-degree long throat cone (because the

contour is identical to the cone out to the freezing point). Both per-

formanee predictions are shown in Table 5, and compared to the 70-percent

bell and ]5-degree long throat cone. When this nozzle was subsequenhly

tested, the performance gain was correlated well by the theoretica] kine-

tic efficiency value. The data correlation is discussed in more de_ai]

in the Data Correlation section.

TASK IV, CON_t0LLED FATANSION NOZZLE ANALYSIS

In Task IV, studies were conducted to increase further the performance

advantage demonstrated for the controlled expansion nozzle. The contour

was to be of the same general type used in Task III and is shown sche-

matically in Fig. _i. Optimum values of (p/Rt) I, _, (P/Rt) 5, and (X/Rt) B

were to be determined to obtain the optimum contour.

The procedure selected for the study of these parameters was to begin by hold-

ing the two radii, (P/Rt) 1 and (D/Rt) 5, constant and varying _ and (X/Rt) B.

This route was taken because the latter are considered to be the major

parameters. Variations in the others should have only a minor influence

on the result. A (P/Rt) 1 of 3.635 and a (P/Rt) 3 of 0.5 were selected.
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TABLE 2

WALL COORDINATES CONTROLLt_) EXPANSION NOZZLE

(_ -- 60:1, 80 PERCENT LENGTH)

X/Rt Y/Rt THETA

0.932 1.121 14.872
1.o15 1.143 15.000
1.078 1.160 15.000
1.245 1.205 15.000
1.381 1.236 15.000
1.501 1.274 15.000
1.638 1.310 15.000
1.826 1.361 15.000'
2.109 1.437 15.000
2.382 1.51o 15.ooo

2.659 1.587 15.000
2.804 1.623 15.010
2.804 1.623 15.010
2.808 1.624 15.510
2.812 1.625; 16.010
2.816 1.627 16.510
2.821 1.628 17.010
2.825 1.629 17.510
2.829 1.630 18.010
2.833 1.632 18.510
2.837 1.633 19.OLO
2.841 1.635 19.510
2.845 1.636 20.010
2.849 1.638 20.510

2.854 1.639 21.010
2.858 1.641 21.510
2.862 1.642 22.010
2.866 1.644 22.510

2.870 1.646 25.010

2.874 1.647 23.510
2.882 1.651 24.510

2.886 1.653 25.010
2.890 1.655 25.510
2.894 1.657 26.010
2.897 1.659 26.510
2.901 1.660 27.010
2.905 1.662 27.510
2.909 1.665 28.010
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2.913
2.917
2.921
2.924
2.928
2.932
2.935
4.105
5.459
7._49
9.616

11.953
14.213

17.990
20.145_

TABLE 2

(Concluded)

1.667!
1.669

, i.6711'
1.673, '

1.675

1.677

1.679
2. 350
3.055
3.961

4.820
5.619
6.296
7.268

7.733

28.510
29.010

29.510
30.010
30.510
31.010
31.397

28.733
26.231
23.041
20.126

17.564
15.699
13.160
12.37Z
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TABLE 3

PERFORMANCE EFFICI_CY COMPARISON FOR FINAL SELECTED

CONTROLI_D EXPANSION NOZZLE

Efficiency

70-Percent Bell

15 Degree Long

Throat Cone

Controlled IExpansion

Kinetic

Efficiency,

O. 917(theo)

O. 950 (tt_o)

0.945 (exp)

0.940 (%heo)

Geometric

Efficiency,

_G

0.988

0.985

Drag

Efficiency,

'D

O. 968

O. 956

0.961

0.961

Overall

Efficiency,

0.875

0.891

0.888

0.885
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The geometric and drag efficiencies were computed for a range of (X (5,

10, 15, and 20 degrees) and (X/Rt) B values. This was done by designing

a Rao optimum contour for each throat region geometry defined by the

parameters. Thus each value on the curve represents an aerodynamically

optimized contour.

The geometric efficiency is plotted vs (X/Rt) B for four values of the half

angle, _, in Fig. _,5. The drag loss is plotted in the same way in Fig. _6.

The sum of these two losses is shown in Fig. _7. It is seen that tile

result is far more dependent upon (X/Rt) B than upon _. The kinetic effici-

encies were determined using the sudden freezing criterion using the

selected react, ion rate constants (Table 8). Combining the losses, _hc

optimum half angle for the conical region was found to be 12 degrees with

the conical breakpoint at a (X/Rt) B of 2.7. This nozzle was predicted to

have an 0.3-percent performance adva_tage over the Task III llozzle _hi(_i,

has a 15-degree half angle.

Since the gain achieved with the conical-type nozzle was small, attempts

were made to obt_in larger gains by contouring the wall in this area.

Truncated segments of ideal nozzles were used. One such attempt is shown

in Fig. _8. None of these has produced a larger gain than the 12-degree

conical nozzle discussed above. Although a nozzle of this modified type

should produce a larger gain than the more restricted conical type, it

became clear that the gain _,'_,uld be small. Based on this information, it

was anticipated that a continued effort on the controlled expansion nozzle

might prod_,_,_c , 1.5-percent better performance than an aerodynamically designed

nozzle, _,'here the first attempt produced 1 percent. Since this addi_ ;onal

0.5-percent would be difficult to verify experimentally, it was decided

that, a no::, _e of this _,_?e _ol_ld not be tested in Task IV.
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PI_tFORF_NCE ANALYSIS

This section contains descriptions of the techniques used for and the

results obtained from analyses of performance effects of inviscid aero-

dynamics, viscous drag, heat loss, chemical kinetics, and propellant

impurities.

Since it was the purpose of the analytical portion of this program to

predict performance with the greatest possible accuracy, the best avail-

able techniques were used throughout the analysis.

The performance losses computed in this section were considered as addi-

tive (rather than multiplicative) effects. The predicted loss is the

sum of the individual losses.

AERODYNAHIC ANALYS IS

All aerodynamic analyses were performed using variable gas property tech-

niques to provide the greatest accuracy. This approach required that,

even for the same nozzle contour, separate analyses be performed for

every change in chamber pressure or mixture ratio (since either affects

the gas properties). Therefore, for each of the nozzles, analyses were

performed at each pertinent chamber pressure and mixture ratio, consis-

ting of a solution of the transonic flow field followed by a method-of-

characteristics analysis of the supersonic nozzle.
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Analysis

The first step in the aerodynamic analysis consists of solving the tran-

sonic potential flow field, which was the same for all nozzles, since the

contour upstream of the throat was invariaat throughout the progrmn. Thc

transonic analysis provides a starting line for the supersonic method-

of-characteristics analysis used in the second step. The parabolic par-

tial differential equations for irrotational compressible flow in Lh(:

transonic regime have no known analytical solution. The well-known Sauer

solution, which consists of using a second-order series expansion of the

flow equations, is restricted to nozzles with gradual wall curvatul'c

(Di/_ _ 5) in the %hroa± inlet region.

For ±he nozzles used in %his program, %he inle± wall curvature r_tio was

smaller (Pi/Rt = 1.5) than can be analyzed using Sauer's met:hoa There-

fore, a much more accurate solution of %he transonic flow problem, con-

sisiing of expanding the flow equations in a series retaining up to 35

%erm_ was used in %he analysis. The complete transonic flow field wa. _-"

computed, specifying flow conditions at any point in the _lac!.' number region

from approximately 0.8 ±o 1.2. The solution provided a supersonic starting

line for the nozzle analysis. In addition, the potential [low-fi,.,ld _lis-

charge coefficient was computed by comparing the flowrate obtained from

this analysis with the flowrate associated with uniform parallel flow.

The value thus obtained was 0.99_5.

After the starting line was computed, the nozzle flow-field solutiOll was

obtained, using the method-of-characteristics for chemical equilibrium

gas flow.
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Results

For the 15-degree conical nozzle, the effects of changing chamber pres-

sure and mixture ratio were found to be negligible, and the resulting

efficiency, 7G , was 0.9854, based upon aerodynamic throat area. This

value differs from the efficiency of the Task II 1.9 area ratio conical

nozzle which had an efficiency of 0.9834. Except for the truncation to

a low area ratio, the Task II and Task III nozzles were identical. This

variation of efficiency with area ratio is typical for conical nozzles.

An example is depicted in Fig. 49, which contains a graph of efficiency

vs area ratio at a stagnation pressure of 100 psia and a mixture ratio

of 12:1.

Because the efficiency of conical nozzles was found to be invarient with

chamber pressure and mixture ratio, single values, listed in Table

were used for the 10-, 15-, and 20-degree cones.

TABLE

GEOMETRIC EFFICIENCY OF CONICAL NOZZLES

BASED ON AERODYNAMIC THROAT AREA

E = 60:1

Nozzle

Half-Angle, Degrees

10

15

2O

_G

0.9928

0.9854

o.9715

$5
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For the bell nozzle, slight differences were noted between the effi-

ciencies at different P -MR combinations, generally tending toward maxi-
C

mum efficiencies at high mixture ratios and low pressures. These

differences are in the vicinity of 0.2 percent, and the results are

shown in Fig. 50. The efficiency at a chamber pressure of 100 psia and

12:1 mixture ratio is slightly higher than would be expected, based upon

the other points in the matrix. This is probably a result of the 70-

percent bell nozzle contour being a precise optimum (aerodynamically) at

that point.

The efficiency curve for the controlled expansion nozzle is shown in

Fig. 51. For this nozzle, the trend is stee_er than that of the 70-percent

bell; efficiency increases 0.5 percent from low to high mixture ratios.

DRAG ANALYSIS

A viscous drag analysis was conducted to determine the frictional losses

associated with each of the nozzles at each nominal test point. Compu-

tations were based upon the turbulent boundary layer assumption, since

heat flux data indicate a turbulent boundary layer.

Analysis

The method of analysis used for calculating the frictional drag losses

for the nozzles is a boundary layer growth model which closely
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follows _he approach documented in Ref 2_. The essential differences

are :

1. The reference utilizes the one-seventh power law velocity pro-

file, whereas the Rocketdyne program allows the exponent to vary

from one-seventh to one-fifteenth to account for the high flow

acceleration near the throat region. The variation of the ex-

ponent is based upon semi-empirical relations.

2. The skin friction coefficient correlation for the Rocket dyne

method is based upon experimental data where the measured velo-

city profile exponent varied from one-seventh to one-fifteenth.

Recent sources have indicated that the exponent has approached

one-twentieth.

3. In Ref. 2_ the integral momentum and energy equations for axi-

symmetric boundary layers are solved simultaneously. In the

Rocketdyne method, the two equations are decoupled and solved

separately. This is accomplished by assuming the energy thick-

ness is equal to momentum thickness.

The standard procedure for gas viscosity computation is to compute vis-

cosity for the combustion chamber gas composition by using the Wilke

equation. The viscosity at any point during the expansion is then re-

lated to this value by the temperature ratio raised to a power (in this

case the power was 0.65). However, for a gas in chemical equilibrium,

the composition as well as the temperature changes during expansion.

This effect was investigated and was found to be of second order.
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Results

The analysis was employed for each nozzle at each of the nominal test

points, and accounts for boundary layer effects from the injector to the

nozzle exit. The results are shown in Fig. 52 to 58, and are presented

as efficiency decrements defined as a percent of vacuum chemical equil-

ibrium thrust coefficient.

The theoretical frictional losses for the 15-degree conical nozzles with

an expansion area ratio of 60:1 are illustrated in Fig. 52. The loss is

seen to increase with increasing mixture ratio, this is a result of the

higher combustion temperature and combustion gas viscosity associated

with increasing mixture ratio. Figures 55 to 58 are similar graphs for

the other nozzles. The magnitude of the drag loss is seen to be related

to the length of the nozzle, the 20-degree cone having the smallest sur-

face area and therefore the smallest drag. The frictional losses shown

in these figures include the loss in the combustion zone.

HEAT LOSS EFFECT

An analysis was performed to determine heat transfer correction coeffi-

cients for the purpose of correcting measured test data to a "no heat

loss" condition.

The analysis was accomplished by use of heat transfer and performance

computer programs. The first step was to determine the local heat trans-

fer distribution for the defined nozzle contour. Chemical equilibrium

performance computations were then made, subject to the distributed heat

loss.

s9
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The c* heat loss correction coefficient was determined by considering the

effect of the heat loss in the combustion chamber only. The heat loss

specific impulse correction coefficients were determined by considering

the combined effect of heat loss in the combustion chamber and nozzle

sections. The combustion chamber heat loss was considered to have been

removed in a stagnation region. In the nozzle, heat was rejected along

the full length according to the calculated distribution. As heat was

removed at each station, the gas was allowed to reachieve chemical equil-

ibrium at the reduced energy level. An isentropic expansion was then

followed to the next station at which heat was removed and the process

was then repeated.

The results of these calculations for the 15-degree, long-throat conical

nozzle are shown in Fig. 57. The correction is shown in terms of recip-

rocal efficiency or correction factor as a function of chamber pressure.

Because the heat lost in the chamber has the largest effect, and all

the nozzles have the same chamber configuration, this figure was used

for all the nozzles.

_CAL KINETIC ANALYSIS

Reaction kinetic efficiencies of the nozzles were determined analytically

by performing a stream tube performance analysis. This method divides

the nozzle flow into a large number of stream tubes and applies the

freezing point criterion to the essentially one-dimensional flow of each

stream tube, providing a detailed kinetic evaluation of nonuniform flow

fields.
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Analysis of a large number of stream tubes accounts for three important

effects which would not be accounted for in a one-dimensional analysis:

1. By assuming that the gas expands uniformly (one-dimensionally),

the same chemical freezing point is applied to the entire flow

field. Actually the flow expansion rates differ for different

portions of the nozzle flow resulting in different freezing

points.

2. Parts of the nozzle flow expand to different final area ratios

at the nozzle exit.

3. An expanding gas must have velocity components normal to the

thrust direction. Again, different portions of the flow may

have different normal velocity components resulting in different

final flow angles at the nozzle exit.

Once the flow field was divided into a large number of stream tubes, the

stream tube kinetic analysis was performed after making the assumptions

that the flow within each stream tube is uniform, and that the streamline

pattern is not affected by the chemical freezing of the flow within the

various stream tubes. Each stream tube has its own throat area, exit

area, exit angle, and expansion rate. Since the number of stream tubes

was large, flow conditions within each stream tube were approximated by

uniform flow and defined by conditions at the center of the stream tube.

The chemical freezing area ratio (freezing point) of each stream tube was

then obtained by applying the freezing point criterion to a series of

essentially one-dimensional flow systems. The total specific impulse

(primary nozzle flow) was computed by integrating the impulse function

across a selected control surface at the nozzle exit. This result

accounts for both reaction kinetic and nozzle geometric losses. Using

the nozzle geometric efficiency obtained from the nozzle flow field

analysis, the reaction kinetic efficiency was determined.
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Results

Expanded views of the streamline patterns for the throat regions of the

70-percent bell and 15-degree cone are shown in Fig. 58 and 59. Super-

imposed on these streamlines are the freezing surfaces for the midpoint

of the test matrix, (Pc = 100, O/F = 12:1) demonstrating the nonuniformity

of the flow field. Theoretical kinetic efficiency for the nozzles is

shown as a function of mixture ratio in Fig. 60 to 62. Because the

throat region of the 15-degree conical and the controlled expansion noz-

zles were identical, the theoretical kinetic efficiencies are identical.

In Fig. 63 the kinetic efficiency is shown as a function of pressure for

a mixture ratio of 15:1.

PROPELLANT IMPURITIES

The presence of impurities in the propellants necessitates two types of

performance corrections. The first is a correction to account for the

change in density caused by the different density of the impurities. The

second is a correction to account for the lower theoretical performance

with the impure propellant.

In the current program, the impurities were all in the oxidizer. Three

batches of oxidizer were used. The oxidizer compositions and performance

corrections are listed in Table 5. The effect of these small amounts of

impurities on performance was found to be very insensitive to either

chamber pressure or mixture ratio.
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Figure 58. 15-Degree Cone Streamlines--Throat Region
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TABLE 5

FLUORINE IMPURITIES CORRECTIONS

Tests

5-8

9 - 59

41 - 175

(1966)

1 - 28

(1967)

Composition,

percent weight

F 2 Air }IF

98.1 1.4 0.5

98.5 i.i 0.4

99.5 0.5 0.2

99.3 0.5 0.2

Density

Correction

O. 9881

O. 9904

o.9955

0.9955

Characteristic

Velocity

Correction

1.0050

1.0024

1.0011

1.0011

Vacuum

Specific Impulse
Correction

1.0040

1.0054

1.oo15

1.0015

PERF, OPO_CE PREDICTION

To combine the individual losses discussed above into a thrust chamber

performance prediction, the following equation is used

_rc = 1 - (1 - 176 ) - (1- 17D) - (1 - _K ) - (_HL I - 1)
S

This equation results from subtracting the sum of the losses from one,

and can be simplified to

nrc : "G+ + I - 1.o
S

Since the kinetic efficiency was the quantity sought experimentally, and

the impurity correction coefficient depends upon details of individual

tests, it was found convenient for data interpretation to combine the

geometry, drag, and heat loss terms into single curves. These are pre-

sented versus chamber pressure for the nozzles in Fig. 6_ to 68

mad versus mixture ratio in Fig. 69 _arough 71.
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NOZZLE WALL PRESSURE PREDICTION

The method of predicting the nozzle wall pressure utilizes results from

both the aerodynamic and stream tube kinetic analyses. The aerodynamic

analysis defines the variation of local area ratio of the outer stream

tube with position along the wall. From the stream tube kinetic analysis,

the freezing area ratio of this stream tube is obtained. Nozzle wall

pressures upstream of the freezing area ratio are obtained directly from

the chemical equilibrium aerodynamic analysis, and downstream pressures

are obtained from kinetic propellant data for the determined wall stream

tube freezing area ratio. The predicted pressure profiles are shown in

Fig. 27 to 52 of the Data Correlation Section.

ii_
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CtIEMICAL REACTION KINETICS

INTRODUCTION

A three-phase reaction kinetic study was performed to develop an accurate

performance model for fluorine/hydrogen. Initially, a literature survey

was conducted to select a preliminary set of rate constants and third-

body efficiencies. Comparative computer runs were made between full

kinetic and sudden freezing (Bray) performance programs to calibrate and

improve the latter. After Task III test data became available, a second

reaction rate study and a third-body efficiency study were conducted to

select a revised set of values. These three studies are summarized in

this section. The actual use of tile kinetic model in conjunction with

the streamline analysis procedure is discussed in _he Performance Analysis

section.

REACTION" RATE STUDY

Literature Survey

The literature was reviewed for experimental recombination rates obtained

in various environments and for a variety of third bodies. Most of the

data are summarized in Table 6 with the more complex situations presented

in Fig. 72 to 75. Selected rate expressions are shown in the first col-

umn of Table 7. Considerable data leading to relative third-body effi-

ciencies were found for hydrogen recombination, the most important

reaction in this system. However, such data are not available for the

recombination of }IF or F 2 whose rates were measured only with ar_on.
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TABLE 6

EXPP21!MENTAL RECOMBINATION RATE CONSTANTS AND

SELECTED RATE EXPRESSIONS FROM

LITERATURE SURVEY

Recombination

}I + H + Ar

0+0+02

II + II + N2

II + H + H20

0+0+0

H + H + II2

II +tt +H

H + 0II + N2

It + OH + t120

II + 01! + tI 2

It + F + Ar

F +F +Ar

Rate

Constant,

cc2/mole sec

See Fig. 3

4.6 x 101_

7.2 x 101_

1.7 x 1015

See Fig.

1._ x 1015

See Fig. 5

See Fig. 6

1.1 x 1017

6.5 x 1016

17
5.'i x 1017 _
1.1 x 10
1.0 x 1017

1o6 x 1017

5.5 x i0 I_

r, x 1012

Experlmenta 1

Temperature, Temper'ature

K Dependence _-_

3500

lhO0

1072

3500

1072

1400

1650

lO72
lhO0

1400

_L500

lhS0

T -0"5 to T-2

T-0"5 to T -2

T-I to T -2

T-1

10af.

lit

"21

20

1 It

Selected Ralc

Expression,

2 /mocc / le 2 sec

1018 11.0x T-

1018 i1.6x T-

2.8 x 1018 T -1

20

21

13
20

21

21

22

25

P_.O x 1018 T -1

5.0 x 1018 T-1

8.0 x 1018 T -1

2.0 x 1019 T -1

8.7 x 1019 T-1

1.1 x lO 20 T -1

1020 I2.5x T-

2.5 x 1018 T-I

5.7 x 1015 T-I

_Maximum Value

_Temperature term in rate expression: CT n
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TABLE 7

LITERATURE SURVEY AND REVISED RATE EXPRESSIONS

Recombination

Reaction

H +H +Ar

0 +0 +02

H+H+N 2

H +H +H20

0 +0 +0

H +H +H 2

H +H +tI

H + OH + N2

It + OH + H20

H + OH + H2

H + F + Ar

F +F +Ar

Figure

72

m

75

75

Selected Rate Expression

cc2_nole2sec

Literature

Survey Revised

1.0 x 1018 T-1

1.6 x 1018 T-1

2.8 x 1018 T-1

4.0 x 1018 T-1

5.0 x 1018 T-1

8.0 x 1018 T -1

2.0 x 1019 T-1

8.7 x 1019 T-1

1.1 x 1020 T-1

2.5 x 1020 T-1

2.5 x 1018 T -1

5.7 x 1015 T-1

1.6 x I018 T-I

2.6 x 1018 T-I

4.8 x 1018 T-I

6.4 x 1018 T-I

8.0 x 1018 T-I

1.6 x 1019 T-I

4.0 x 1019 T-I

1.55 x 1020 T-I

1.8 x 1020 T-I

4.5 x 1020 T-1

4.0 x 1018 T-1

8.0 x 1015 T-1
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Third-body efficiency is defined as the ratio of the recombination rate

constant with the particular third body to tile rate constant with argon

as the third body. Tile rate expressions and the third-body efficiencies

for the ttF system selected as a resu]_ of the literature survey are listed

in the first column of Table 8. These efficiencies were derived for

hydrogen recombinatior apd were assumed for IIF and F,) recombinalion in lieu

of experimental data. '£tle data that are available for the II + 011 + M =

H20 + _l reaction suggest that this is a reasonable assumption for tlY

recombination. The exact values used for F 2 recombination are unimportant,

since this reaction is too slow to contribute significantly to the total

recombination.

In selecting the efficiencies, a somewhat high value for H2 was chosen so

that there would be higher recombination efficiency at lower mixture ratios

since such a trend was observed in a NASA-LeRC F2/II 2 test program. Similarly,

referring to Table 8, a value for tt significantly higher than that of H2 was

avoided so that the effect of I[2 would not be overwhelmed. The efficiency

of IIF, because of its smaller capture cross-section, was chosen less than

that of It20, which was given an efficiency of approximately _i for both tl _ It

and tI + OH.

Ti_e assignmen_ of a very high efficiency for lll: caused 1)y l'orm, t i(m ()1' a:,

activated intermediate, It,)F (Ref. lO ) is at pr(.s_'nt unw_trrmll('d. _iu(,'

there is no evidence for the exis4ence of such _ sl)('ci('. A similar int(,r-

mcdiate, 11_0, could l)e postulated as a lhird body for ll,)0 re(.ombinati(m.
)

Ill this case, 11 lack of evidence for the existence ()1' the specie is

corroborated by a modest efficiency for tI,)0.

The temperature dependence was chosen as T -] , since most invesl iga+ors

indicated a preference for this wllue. The others indicaled ranKes of

teml)eratur(, dependence which inclu(le(l T -l, and only one in(lical_'d , slight

l)reference for T -, (that'. 22 )
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TABLE 8

RECOMBINATION RATE CONSTANTS AND THIr_)-BODY EFFICIENCIES

(A) Recombination I_tes

l_±e Constant

Recombination

Reaction

H + H + Ar = H2 + Ar

H + F + Ar =HF + Ar

F + F + Ar = F 2 + Ar

Literature

Survey

1.0 x 1018 T -1

2.5 x 1018 T-1

5.0 x 1015 T -1

cc2/mole2sec

Revised

1018 11.6x T-

1018 14.0x T-

1015 18.Ox T-

(B) Third-Body Efficiencies

Third Body

F 2

HF

F

tt 2

H

Efficiency Relative to Argon

Literature

Survey

1

2

8

20

Revised

1

5

l0

25
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The selected rate expressions and third-body efficiencies are believed

to be good interpretations of the kinetic data; however, in certain cases

it is easy to see that different interpretations could produce values

differing by a factor of two to four from those adopted here. Further-

more, an across-the-board increase or decrease in rate constants by at

least twofold should be permissible in view of the wide variations in

experimental values.

Comparison of Theoretical Performance Calculations

With Previous Experimental Data

An extensive and well-documented test program was conducted for this system

by Auckerman and Church at NASA's Lewis Research Laboratories (Ref. 8 ).

In that program, three nozzles were tested in a vacuum at pressures from

lO to 60 psia over a range of mixture ratios from 6 to 16. A curve of

corrected experimental specific impulse for the 15-degree conical nozzle

at 60 psia is shown together with theoretical equilibrium, frozen, and

Bray program wllues in Fig. 76. The rate constants used for the lower

Bray curve were recommended in Ref. 9 , and involved estimates for the

recombination ra_,es of tIF and F 2.

It can be seen that this curve differs from the experimental curve in shape,

slope, and particularly, height. It has been hypo£hesized (by Wilde) that

tile high delivered performance at low mixture ratios may result from an

extremely high third-body efficiency for KF ill the hy(lroffen recombination

reaction (Ref. 10). To test this, Bray calculations were made with tile

hydrogen recombination rate increased one hundred-fold. Tile results are

shown as the upper Bray curve in Fit_. 7_ , where it can be seen that, while

ttw impulse level of this curve is improved, there is still a discrepancy

between its slope and that of the experimental curve. It has been suggested

thut tile ttF recombination reaction is the most important reaction in this

system (Ref. 9 ): however, increasing tile rate for this reaction made the

slope agreement considerably worse.
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An additional reason that the IIF recombination is not the most important

reaction in this system is that atomic fluorine concentration is much

lower than atomic hydrogen concentration, except at extremely high mixture

ratios. This can be seen in Fig. 77 , which shows composition at tile

freezing point vs mixture ratio. It has been found that even simultaneously

increasing the hydrogen recombination rate while decreasing the I_ recombin-

ation rate results in nearly as great an increase in impulse at high mixture

ratios as at low mixture ratios, and thus does not improve tlle correlation

between the slopes of the experimental and Bray curves.

In conjunction with the literature survey, Bray program calculations were

made for the three LeRC nozzles, using the rate constant expressions in

the first column of Table 7 and B values of 3.1 for the ]5-degree cone

and 2.5 for the 70-percent bell and 25-degree cone. (The value B is a

ratio used in conjunction with the Bray Criterion to determine the freez-

ing point, and it is discussed in more detail on page 131.) The results

are sho_ in Fig. 78 together with the corresponding test data corrected

u_ard to remove drag and divergence losses. Only one theoretical curve

is shown for the 70-percent bell and 25-degree cone, since the calculated

values are within 1 second for these two nozzles. The Bray calculations

for the 15-degree cone are still lower than the test results, down about

1.5 percent at high mixture ratios and _ percent at low mixture ratios.

This represents a considerable improvement from the previous analysis,

Fig. 76, but further improvement was still necessary. Agreement for the

bell and 25-degree cone is excellent, generally better than 1 percent across

the full mixture ratio range.

Revision of Rate Rxpressions

Comparisons of the early Task III test data with theoretical kinetic

efficiencies, based upon the rate expressions selected as a result of the
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literature survey, showed that the experimental efficiencies are generally

about 1 percent higher than the theoretical. This suggested that tile rate

expressions had been selected slightly low. Thus, a new set of rate

constants was selected higher by factors generally in the vicinity of 2.

The revised values are shown in the second columns of Tables 7 and 8,

and in Fig. 72 through 75. It can be seen in these figures that the

final selections are still within the experimental ranges, but are gen-

erally near the upper limit.

The revised rate constants are still in good agreement with the LeRC test

data. For the 70-percent bell, theoretical values range from 0 to 1.5

percent high. Agreement for the 15-degree cone is slightly improved, how-

ever, it remains from 1 to 5.5 percent low.

Correlation with all the data obtained in the current program is shown in

detail in the Data Correlation section. In general, all of the nozzles

gave excellent agreement; however, the 15-percent cone was consistently

approximately 1 percent higher in relation to the other nozzles than was

predicted. All the nozzles are approximately 1.5 percent high at very low

mixture ratios.

COMPARISON OF SUDDEN FREEZING AND

FULL KINETIC PROGRAM

To aid in the investigation of F2/H 2 kinetics, a full kinetic performance

calculation program was used. The machine procedure, developed by the

United Aircraft Corporation under NASA Contract NASS-2572, numerically

integrates the system of reaction kinetics, one-dimensional gas dynamics,

and state equations to calculate bulk thermodynamic properties and chemical

composition in flow passages of varying cross-sectional area.
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The reactions first considered were:

1. II + H + M_H 2 + M

2. H + F + M_HF + M

3. F + F + }I_____F 2 + H

li. H2 + F __ H1_ + tI

5. F 2 + II _---_ t_ + F

It was found that reaction (5) continued in equilibrium after the other

reactions were no longer in equilibrium. This situation contributed to

excessive machine computational times -- 35 to h5 minutes (of IBM 70% time)

per calculation. It was decided to eliminate F 2 and the attendant reactions

(3) and (15), since the concentration of F 2 is small, on the order of lO -8

moles/gram. Considering only reactions (1), (2), and (',), and species H,

F, H__, and It2, computational times were reduced to 2-5 minutes per cal-

culation with only a negligible loss in program accuracy. The program was

then used for both the nozzles tested at Lewis Research Center and those used

on this contract.

Bray calculations using the same rate expressions produced specific impulse

values significantly lower than the kinetic calculations. This discrepancy

was not attributed to the mamler in which the reactions are handled by the

program, since the sudden-freezing mode] used, similar to that use(] by

Franciscus and Lezberg (Ref. 6), which accounts for the rate of change

of molecular weight through all three-body reactions. This mode] simul-

taneously takes into account all recombination reactions together with the

valid approximation that binary reactions are much faster than recombination

reactions. There is, however, an arbitrary feature in all sudden-freezing

models, and that is the manner in which the net equilibrium rate of recom-

bination, req, is compared with the kinetica]ly possible rate of recombin-

ation, rki n. It has been the convention to specify that the freezing point
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occurs when req = rkin, presumably because Bray stated that req/rki n

"is expected to be in the order of unity," Ref 2 and 3. Actually, the

precise value, B, which should be used for the above ratio might be

expected to depend upon the composition of the system, the kinetic data,

and the nozzle geometry. The value of B was found to be slightly

dependent upon mixture ratio, as shown in Fig. 79. Values of 2.7 and 3.1_

for B correlate the ]5-degree cone at mixture ratios of 8 and I_, respec-

tively, while values of 2.1 and 3.1 correlate the bell for the same mixture

ratios. Recommended B values for the LeRC nozzles were 3.1 for the cone

and 2.5 for the bell. These produced agreement between the Bray and the

kinetic calculations to better than 2 seconds across the full mixture ratio

range. For this program _, the recommended B values are shown in Table 9.

For high area ratio nozzles, the values of B required to produce agreement

between the Bray and kinetic programs are those which cause the same degree

of heat release in the nozzle. At low mixture ratios, these correspond to

the same exit composition and degree of recombination. This can be seen for

the 15-degree Lewis cone in Table 9 , which shows exact agreement between

molecular weigh±s and specific impulse values at a mixture ratio of 8. The

fact that the value of B is appreciably greater than 1 is attributed to a

limited degree of recombination which is shown by the kinetic program to

occur after rki n equals r (B = 1). The situation for the 70-percent belleq

is similar to the above except that a slightly lower B is required. This

is because of the greater rate of expansion in the bell which causes recom-

bination to decrease more rapidIy after rki n equals req. As the rate of

expansion becomes very great in the vicinity of the freezing point, B

approaches I.
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TABLE 9

RECO_H'_. 3)E]) B \L_LUt.S FOR K[NF_F' A_-_ LYSIS

Nozzle

lO-degree cone

15-degree cone

Controlled expansion

20-degree cone

70-Percent bell

B _

lj. 0

3. _L

3._

3.0

2.4

= ratio of required to available

reaction rate at the freezing

point.
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At high mixture ratios, where there is an appreciable amount of F at the

freezing point, the kinetic program shows subsequent disappearance of the

F because of the moderately exothermic reaction, F + H2 _HF + tI.

llo_'ever, with the Bray model, the expanding gases do not have the advantages

of this heat release, since all reactions cease at the freezing point. Thus,

a slightly greater degree of recombination is required with the Bray model to

obtain the necessary heat release, and this is effected by a slightly higher

value for B. This can be seen in terms of molecular weights, for a mixture

ratio of lh, Table 10. A similar situation is expected in systems eon±ain-

ing oxygen and hydrogen when there are appreciable amounts of 0II or 0 at high

mixture ratios.
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TABLE 10

EXIT COMPOSITION FOR VARIOUS KINETIC MODELS

It

r

m tt 2Z
CO HF

Molecular

Wei gh t

I s , lbf-
sec/lbm

Mixture Ratio = 8 Mixture Ratio = 14

Bray Bray Bray Bray
Kinetic B = 2.6 B = 1.0 Kinetic B = 3._ B = 1.0

0.94

0.00

2.70

4.68

12.01

461

0.9'_

0.01

2.71

4.67

12.01

461

1.10

0.02

2.63

_.66

11.89

453

I. 3_

0.00

0.18

_.91

15.55

452

1.08

0.17

0._0

_.7_

15.65

452

1.2_

0.28

O. 37

*t.63

I

15.33

_38

Note: Composition is expressed in moles/lO0 g

LeaC 15-degree Cone, Stagnation Pressure = 60 psia,
Area Ratio = 100
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TEST ]gLP_E&_I_

The experimental phase of the Task IIi ana IV po_t._ ot the pr,::gra_i

required six nozzle configurations. These were two [5-_ree corsica;

designs (different throat radius of curvature ratios), a 70-percent bel]

design, a lO-degree conical design, a 20-degree conical design, and a con-

trolled expansion design with an equivalent 80 percent length. The design

and fabrication of these test assemblies are discussed in this section.

TASK III NOZZLES

.l_-Degree Cone and 70-Percent Bell

Figures 80 and 81 show the final designs for the 15-degree long throat con-

ical and the 70-percent bell nozzles, respectively. These are segmented

assemblies consisting of copper throat sections and steel nozzle extensions.

In each case, the throat section ends at an expansion area ratio of _:1 with

the ow _il assembly a 60:1 design. Originally, it was intended to fabri-

cate tL nozzles in an integral design entirely of copper; however, thermal

studies indicated that copper was not required in the nozzle expansion

region _nd subsequent discussions with fabricators indicated that signifi-

cant sc _dt_le and cost advantages could be obtained with the segmented

design. F_:::_re 82 shows %he conical nozzle extension, and Fig. 83 shows

the 70-_:r_nt bell nozzle assembly.

_ns:_tL_c_]tatio_; for the nozzle assemblies included three nozzle inlet static

pre_:sur_ ports located ]20 degrees apart, six nozzle static pressure profile

_eaz;_,re_,ent_ located at expansion area ratios of i.5, 3, 7, 15, 30, and 60,

and t'i_:,_e,_ hea+_ transfer measurement points, three each at area ratios
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Figure 80. Long Throa_ 15-Degree Conical

Nozzle Design
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3_ 5_ _A

J_-C T/ON _ - A

Figure 81. 70-Percen_ Bell Nozzle Design
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of 1, 7, 15, 50, and 60. The latter, detailed in the heat transfer

analysis section, consist of thermally isolated sections at the various

nozzle stations. For the copper section, this thermal isolation is accom-

plished by machining an annular groove in the outer surface of the chamber

wall with a minimum permissible supporting web left at the inner surface.

This groove effectively limits conduction to a radial path through the

chamber wall. For the nozzle extension, a copper plug was threaded into

the.wall and machined flush on both sides. The conductivity difference

between the two materials plus the surface contact resistance of the

joint results in the plug being essentially isolated from the surrounding

wall for short-duration, high heat flux conditions.

Seals for the nozzle joint and for those upstream in the combustion zone

were spiral-wound stainless steel and asbestos. These worked well

throughout the program and no chamber leakage was noted at any time.

The throat sections for both the conical and bell nozzles were machined

from solid-copper forged billets with the final machining on the nozzle

portion after assembly to the nozzle extension to minimize the surface

discontinuity at the joint.

The conical nozzle extension was fabricated from patterns cut from sheet

stock. These were rolled to the proper configuration then welded to-

gether. This subassembly was trimmed and welded to a premachined flange

section, and the whole assembly machined along the internal surface.

i_2



][:_.O 9E_:: ar_" ]E_ "It' ]1_'_ l'_i ]E_ • A DIVISION OF NORTH AMERICAN AVIATION, INC.

The bell nozzle extension was fabricated by the same processes, except

that the shell sections, because of the multiple curvatures, were drop-

hammer die forged. 0nly a minimum amount of machining cleanup was re-

quired after assembly to bring this nozzle to final contour.

Controlled Lxpansion Nozzle

The controlled expansion nozzle design is shown in Fig. 8_ , while Fig. 85

shows the completed part. Selection of the internal contour for the

nozzle is discussed in the Controlled Expansion Nozzle Design section.

The nozzle is fabricated entirely of copper and is of single-piece con-

struction with no separate nozzle extension.

Instrumentation for the nozzle was similar to the previous designs except

that the thermal isolation grooves were employed throughout, and additional

nozzle pressure measurements were made in the area where chemical freez-

ing was expected to occur.

TASK IV NOZZLES

l_-Degree Cone

Figure 86 shows the short throat 15-degree conical nozzle design used in

Task IV, while Fig. 87 shows the completed assembly. This assembly

utilized the nozzle extension from the previous task to which a new

throat section was added. Because this portion of the program required

operation at 50-psia chamber pressure only, low carbon steel was used

throughout the chamber except for the combustion zone.

I_3
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lO-Degree and 20-Degree Cones

The designs for the lO-degree and 20-degree conical nozzles are shown in

Fig. 88 and 89, while Fig. 90 and 91 show the completed assembles. A_ain,

these are similar to those discussed previously with tim throat section

and nozzle extension jointed at an area ratio of h. |. These nozzles were

fabricated in a manner similar to that discus:_ed above for the initial

15-degree cone.

COMBUSTION CItAMB ER

In addition to the nozzles, a copper combustion chamber section shown in

Fig. 92 was designed and fabricated. Thi, -,_ction in combination with

the throat inlet section of the nozzles provided a characteristic length

(L -_) of 30 inches. Instrumentation for this section was limited to

in jecior-end chamber l)ressure taps because the heat transfer character-

istics of the combustion chamber had been established in Task II.
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Figure 90. 10-Degree Conica 

151 

I 

Nozzle 



f 

Figure 91. 20-Degree Conica l  Nozzle 

152 





m
ROCKET_YNE • A DIVISION OF NORTH AMERICAN AVIATION, INC.

s._54 _,.r,_._._ "

I°_

.ii

_./J,(
D/,'_

s  r,o,,A-A

/

(_. 0/4

DIA

/0.!5

D/A _ryp)

I, O0

DIA

I

j Figure 92. Combust£on Chamber Design



l_l.O C BI_ I_ "I" ]J_IC_Ib_ rq_ m_ • A OIVISION OF NORTM AMERICAN AVIATION. INC

TEST FACILITY AND PROCEDURE

The experimental portion for the Task III and IV portions of the program

was conducted at the Nevada Field Laboratory. Firings were conducted in

the Small Engine Division test area, Area B (Fig. 93), in the medium-

thrust altitude facility. This facility consists of two horizontal-firing

altitude test capsules (identified as 4A and 4]3) with a common altitude-

simulation system. The frontispiece shows the facility, of which only

the 4B position was employed in this program. The facility was originally

constructed in support of the LEM descent engine program and consequently

it was necessary to add both liquid-fluorine and gaseous-hydrogen capa-

bility to the area, as discussed below.

The rigid data precision requirements of this program required that

special attention be given to instrumentation and instrumentation systems.

For this reason, all critical measurements were made redundant.

Test and fluorine passivation procedures are discussed at the end of this

section.

ALTITUDE TEST CAPSULE

The altitude test capsule consists of a cylinder approximately ]0 feet in

diameter, with a hemispherical forward end. The aft end opens into the

altitude-simulation system. The forward end of the capsule is mounted on

a movable trolley for access and hardware installation. The capsule is

shown in the open position in Fig. 9q, with the 70-percent bell nozzle

installed. Figure 95 is another view of the forward section with only
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the injector and combustion chamber section installed. It shows the

cantilevered supporting structure, transducer installation, and camera

and viewing ports. Separate access doors are provided so that it is not

necessary to remove the forward section for general work around the engine

and hardware inspection after each test. The horizontally mounted engine

fires directly into the initial diffuser stage.

ALTITUDE-SIMU]ATI ON SYSTEM

The altitude-simulation system used in this program is capable of main-

taining an altitude in excess of 100,000 feet for 150 seconds and con-

sists of three diffuser stages. The first stage is driven by the engine,

while the other two stages are powered by supersonic steam ejectors.

Figure 96 is a schematic drawing of the system. The steam is supplied

by a hyperflow engine shown in Fig. 97 . This hyperflow engine consists

of an Atlas sustainer-type injector, modified to operate on liquid oxygen

and alcohol, and a special water-film-cooled thrust chamber, with addi-

tional water injection at the lower portion of the primary combustion zone.

The total flowrate is approximately 550 lb/sec, with inlet steam condi-

tions of 300 to 315 psia and _20 to _80 F. The flow is divided between

the two ejector-diffuser sections in approximately a 1:5 ratio with the

first stage at 90 lb/sec.

The two altitude capsules are each isolated from the ejector-diffuser

sections by lO-foot butterfly-type isolation valves. This valve is closed

until after the hyperflow has reached altitude in the first diffuser in-

let section, opened during the test, and then closed prior to hyperflow

shutdown at the end of the test. This prevents the hyperflow transients

from affecting the engine hardware, particularly at shutdown when a

high-pressure wave travels up the diffuser sections.
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Ejec±or-diffuser system performance was satisfactory throughout the pro-

gram; approximately 7000 seconds of operation were accumulated.

PROP ELIANT SYST KNS

Schematic flow diagrams for the test facility are shown in Fig. 98 and

99 for Tasks III and IV, respectively.

Fluorine System

For this program, a liquid fluorine tank was permanently installed adja-

cent to the t_B altitude capsule. This tank installation is shown in

Fig. 100, and is shown with the control system and various propellant

lines in I,'ig. 101. The tank is a triple-wall assembly consisting of a

500-gallon, -'_75-psistainless steel tmfl( submerged in a li(luid nitrogen

,jacket with bot, h in an insulation-filled vacum,I jacket. This tank t.hus

serves not only as _lle entwine rml Lank but provides on-stand storatze of

liquid fluorine.

The liquid fluorine flou system is liquid nitrogen .jacketed from the run

tank to the nutin valve, with the main valve mounted inside the altitude

capsule as close as feasible to the engine.

Flow measurements were made in the horizontal section just prior to the

entry to the capsule and just upstream of the main valve.

The initial system did not have the accumulator shown just upstream of

the flowmeters in the schematic. Early in the program, however, it was

noted that temperature spikes were occurring in the liquid fluorine.
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This phenomenon was isolated to the tank discharge (vertical from the top

of the tank) or dip tube portion of the system, and was related to a non-

jacketed section of line from the liquid surface to the vacuum tank flange.

The accumulator, which is liquid nitrogen jacketed and has sufficient

volume for a complete series of engine tests, resolved the problem. Down-

stream of the liquid fluorine main valve, a T-section was installed as

shown to allow a liquid nitrogen bleed through the main propellant feed

line to the engine and through the injector. This chills the injector

assembly and minimizes fluorine flashing at engine start, and consequently

minimizes start transient variations.

Hydrogen System

Hydrogen was stored in, and used directly from a high-pressure mobile

trailer. This hydrogen was supplied by the high-pressure pumping system

in Area D at NFL. The overall system is shoxm in the schematic.

Chamber Pressure Operating Range

As noted in the Test Results section, the maximum chamber pressure obtained

during Task III was approximately 180 psia. It was originally intended to

operate over a range of 50 to 200 psia as had been demonstrated in the

Task II portion of the program, tIowever, the completed propellant system

could not, within the tank pressure limitations of _75 psi on fluorine and

2_00 psi on hydrogen, reach this design objective. It was decided that this

pressure value was sufficiently high to establish the relationship between

performance and pressure. Therefore, all high-pressure tests were scheduled

for 175 psia.
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CONTROL SYSTEM

Variation in propellant flowrates, and consequently either chamber pres-

sure or mixture ratio, is accomplished by a servocontrolled pressurizing

system for the fluorine tank and by a servocontrolled regulator for the

hydrogen sonic venturi upstream pressure. The system was designed such

that several mixture ratios could be selected by setting a series of po-

tentiometers which are wired to a selector switch. Changing the selector

switch automatically readjusts the pressures to the required levels.

The only problem experienced in connection with system operation was in

the response and damping ratio of the hydrogen system. The system is vex3 r

susceptible to tile ratio of manifold (storage bottle) pressure to regulated

pressure. If this ratio is high, the system tends to oscillate at approxi-

mately 1 cps. Depending upon the amplitude, this oscillation may or may

not be reflected in chamber pressure. Several times during the proF.ram,

changes were made in the gain and damping ratio of the servoamplifier to

ad,just for this problem, and several test data points were lost because

of high hydrogen flowrate variations during single tests. This condition

was alleviated by the system adjustments and by changing the start sequence

to give a long fuel lead, approximately 1 second, as compared to the initial

tests, which used simultaneous flow start.

INSTRUM_TATION

The necessity of determining small differences in performance among various

nozzle designs dictated that special emphasis be placed upon instrumenta-

tion and instrumentation systems. Initial evaluation of the requirements

revealed that certain parameters were critical for determining performance;

i.e., flowrates, thrust, and chamber pressure. For this reason, the criti-

cal items in these measurements were made redundant. Table Ii is a listing

of the various measurements made, and their respective locations are shown

in Fig. 102.
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TABLE 11

INSTRUMENTATION

Hydrogen System

Supply Manifold Pressure

Venturi Upstream Pressure Redundant (2)

Venturi Upstream Temperature-Redundant (2)

Venturi Downstream Pressure

Fluorine System

Tank Pressure

Flowmeter Pressure-Redundant (2)

Flowmeter Temperature-Redundant (2)

Flowrate-Redundant (2)

Engine

Chamber Pressure, Injector End-Redundant (2)

Chamber Pressure, Nozzle Inlet-Redundant (3)

Hydrogen Injector Pressure

Hydrogen Injection Temperature

Fluorine Injection Pressure

Fluorine Injection Temperature

Nozzle Pressure - E = 1.5, 3, 7, 15, 30, 60

Nozzle Temperature - ¢ = 1, 7, 15, 30, 60

Thrust-Redundant (2) (_ for Task IV)

Accelerometer

Altitude Capsule Pressure

DIGR*

DIGR

DIGR

DIGR

DIGR

DIGR

DIGR

DIGR and Oscillograph

DIGR and Oscillograph

DIGR and Oscillograph

DIGR and Oscillograph

DIGR

DIGR and Oscillograph

DIGR

DIGR

Oscillograph

DIGR and Oscillograph

Oscillograph

DIGR

*Direct-Inking

Graphic Recorder
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Instrumentation capabilities at the NFL facility include conventional

direct-inking graphic recorders (DIGR), oscillograph, and tape and sequence

recorders. There are 6_ Foxboro circular-type recorders, which provide

high accuracy at minimum response for precise steady-state performance

characterization, 3 oscillographs with 56 channels each, and 2 tape re-

corders with 7 channels each for high-frequency measurements. In addi-

tion, there are 5 Esterline Augus sequence recorders with _0 channels

each. Figure _5 is a block-diagram representation of the various instru-

mentation systems.

For this program, primary performance calculations were all based upon

the DIGR measurements except for the liquid fluorine flowmeter outputs,

which were recorded directly on an oscillograph. The other oscillograph

measurements were used to monitor engine performance with respect to

combustion oscillations.

Thrust

The thrust chamber assembly was supported by pinned members in the radial

direction, which allowed free movement parallel to the engine axis.

Measurement was made by series Baldwin-Lima-Hamilton double-bridge load

cells. These cells, one for high-thrust-range operation (5000 pounds)

and one for the lower ranges, provide a redundant measurement by the

double-bridge network. For Task IV, two low-range load cells provided

four thrust measurements for each test.

Calibration of the load cells was conducted before and after each hyper-

flow test by means of a separate calibration load cell and a manually

operated hydraulic loader. This load cell was previously calibrated

against a proving ring traceable to the National Bureau of Standards.
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The system loads the run transducers in the same manner asthe engine,

through a yoke-tension rod assembly. The procedure includes an upscale

and downscale calibration in six to eight equal increments. Thus, a

check of both system linearity and hysteresis is made prior to each test.

From the calibration, a key number at the expected run value was calcu-

lated. To minimize test stand effects, propellant plumbing was mounted

radially to the engine with long, straight sections to allow free move-

ment of the chamber assembly; in addition, all instrumentation lines

had S-shaped sections and, as stated previously, all support mountings

were radial with pinned joints at either end. A constant surveillance

of calibration and installations was maintained to ensure that no binding

or drag was occurring.

Pressure

Pressure measurements were made throughout the system as indicated in

the table and figure with multiple measurements for those parameters

critical to performance calculations, such as chamber pressure and sonic

venturi inlet pressure.

Transducers were of the bonded strain gage, d-c type. These were cali-

brated on receipt to determine that they satisfied the specifications as

to linearity, hysteresis, zero balance, and sensitivity. When these tests

were passed, repeated verificatioas of the transducer sensitivity were

made, and a calibration precision of the transducer was established. The

calibration and verifications were accomplished with a dead weight tester

or similarly precise calibration device traceable to the National Bureau

of Standards. The transducer outputs for given pressure inputs were meas-

ured and recorded. The transducer output, with zero pressure applied
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and the calibration resistor shunted across one leg of the bridge, was

recorded. From these two measurements, the transducer key number or

pressure equivalent to the unbalance output was determined. This key

number was redetermined in subsequent verifications and its repeatability

is the transducer precision.

Calibration of the recording system and establishment of the scale factor

for each pressure measurement was accomplished by inputting a standard

voltage. This generally is 80-percent Lransducer output and corresponds

to the key number determined previously.

Flow Measurement

Fuelo Hydrogen flowrate was measured by a specially fabricated flow sec-

tion containing a sonic venturi. This section, which contained upstream

pressure and temperature and downstream pressure measurement provisions,

was calibrated by the manufacturer (Ref. 25) and was similar to that used

in Task II. The calibration for this nozzle is shown in Fig. 105 was

calculated by standard procedures (Ref. 26).

Flowrate then is

KP
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where

K = flow coefficient

P = upstream pressure, psia

T1= upstream temperature, R

Oxidizer. Fluorine flowrate was measured using Fisher-Porter

turbine-type volumetric flowmeters. These meters were calibrated at the

SSFL flowmeter calibration bench prior to installation at NFL. This cal-

ibration, carried out over the range of interest for the flowmeter, was

repeated several times. Figure 106 is plot of a typical flowmeter cali-

bration. The points indicated are the test data, while the curve is an

exponential fit to the data. This fit is calculated by a standard com-

puter program which allows up to a fifth-order equation. The precision

indicated is the precision of the curve fit to the test data. The plot

is cycles per gallon vs cycles per second divided by viscosity.

Reduction of the flowmeter output to actual flow is discussed in the data

reduction section.

Temperature

Fluorine temperature was measured using shielded platinum resistance

bulbs, manufactured by Rosemount Engineering, immersed in the liquid

stream. These transducers are calibrated by the vendor and are checked

on receipt by immersion in liquid nitrogen.
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Figure 106- Typical Flowmeter Calibration
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Thermocouples were assumed to follow standard National Bureau of Stand-

ards millivolt/temperature tables. Recorders were scaled according to

expected values and calibrated electrically. Iron-constantan thermocouples

were used for the hydrogen temperature measurements and for the major

portion of the thrust chamber temperatures used in the heat transfer

calculations.

TEST PROCI_DUItE

Fluorine Analysis

Periodic samples of the liquid fluorine were taken and analyzed to ensure

that propellant quality satisfied the specification requirements. The

propellant composition is shown in the Performance Analysis section.

Fluorine System Passivation

Prior to assembly, the fluorine system components were thoroughly cleaned

and passivated by etching in nitric acid. The system up to the main

valve was assembled and leak checked with helium at full working pressure.

The system was then passivated with gaseous fluorine starting at low

pressure and building up to 50 psi. The system was allowed to stand

overnight.

The oxidizer feed line downstream of the main valve was passivated

immediately prior to each test series by flowing fluorine through the

system.
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Test Sequence

Each hyperflow test consisted of several engine tests at a constant

chamber pressure but at varying mixture ratios. Firings were sequenced

through an automatic timer which controls operation of all system valves;

however, the engine sequence start was initiated manually. This was to

ensure that propellant ta_ pressures which were varied to control mix-

ture ratio had reached proper values prior to test start. The facility

operating sequence is described below:

1. Hyperflow start: hyperflow ignition established by an automatic

sequence but verified visually prior to opening the main propel-

lant valves. After main stage is established, the isolation

valve is opened and the test capsule reaches altitude.

2. Engine test: initiated manually with start and shutdown sequen-

ces and duration controlled automatically (repeated as required).

3. Hyperflow shutdown: initiated manually with the isolation valve

closed prior to sequenced shutdown procedure; capsule vented to

atmospheric pressure with the isolation valve closed.

[_gine test durations were varied as a function of the nominal chamber

pressure with _ seconds for 50 psia, 3 seconds for lO0 psia, and 2 sec-

onds for 175 psia. These durations were selected to minimize chamber

wall temperature but still provide sufficient stabilized engine operation

for performance evaluation.

The engine operating sequences for both start and shutdown are shown in

Fig. 107.
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During the test setup, the fluorine system from the main valve to the

engine was purged with gaseous nitrogen to ensure that all water vapor

and contaminants were removed. Following this, liquid nitrogen was bled

through this line and the injector to chill the system and minimize start

transient variations caused by propellant flashing in the injector. As

_e sequence shows, the liquid nitrogen was shut off at the sequence start

and was started again right at engine shutdown. This assured that the

system was always primed and consequently prevented contamination from

entering during the start or shutdown sequence. All purges were closed

for approximately 6 seconds at 3 seconds after engine shutdown to allow

a "zero" to be obtained on the thrust system. The purges were then

reactivated until the next engine sequence start. A minimum of about

15 seconds was required between engine tests to accomplish the thrust

zero and to readjust the ta_( pressures for the subsequent test.

A hydrogen lead of approximately 1 second was utilized to ensure stabili-

zation of servocontrol systems, During the shutdown, the fuel system

gaseous nitrogen purge was initiated prior to the main valve reaching a

closed position. This again assured that no contaminants entered the

system. Fuel leads from zero to ].5 seconds were tried during the pro-

gram wi_h no adverse ignition effects.
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P_OI_IANCE DATA REDUCTION AND EVALUATION

To facilitate a thorough understanding of the performance test results,

this section contains a detailed description of the procedures used to

reduce and evaluate the Task III and IV performance test data. The com-

putations are divided essentially into two categories: (1) data reduction

to convert the test readings to pressures, thrust, temperatures and flow-

rates, and (2) data evaluation to determine the performance parameters of

interest. A sample case is followed through each step. The example se-

lected is bell test 013, at the midpoint of the nominal test matrix_ cham-

ber pressure = 100 psia, mixture ratio = 12:1.

DATA RI_UCTION

Reduction of basic test readings to performance data suitable for use in

the nozzle analysis study was accomplished using standard procedures de-

veloped by the instrumentation and measurement analysis subsections of

the Rocketdyne test organization. In addition, specific procedures were

established at the program level to handle redundant measurements made

during this phase of the test program.

Table 12 is a typical data reduction form used for this program. It shows

the test deflections as read from the appropriate recorder, the recorder-

transducer electrical zero, the "R-Cal" or electrical unbalance, and the

transducer key number and precision where applicable. The final column

shows the reduced value for the various parameters.
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Pressure Measurements

The method for reduction of pressure transducer data is dependent on the

type of the transducer. For a psig transducer, ttle measured pressure is

determined by the use of the KN concept as follows:

= R- DA] (Dx -DA)

wh e r e

Pm

KN

DA

= measured pressure, psig

-= key number, psig, physical input to a transducer corresponding
to a specified electrical unbalance

= system zero, when transducer is vented to atmospheric pressure

Dt( = R-Cal deflection, recorder deflection for a specified
electrical unbalance

DX = test deflection

Figure 108a is an example of how the chart is read. As an example:

Pc2 No. 1 for tes_ 013

79.9_2Pc2 = 76.3 - (--3.0)J (78._ - (-3o0))= 82.11 psig

For psia measurements, two raethods are used which are dependent on tile

range of the transducer. For 0 to 15 psia, the measured pressure is

calculated by means of t_ _ concept, as follows:
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where

Pm

P =
a

measured pressure, psia

ambient pressure, psia, at the time of the test

Figure 108b is an example of the chart while as an example:

PC = 1.5 for test 015

-lOo]]O
Pe = 1.5- lO.8-78.5 (_5o2 - 78.5) + 12.0h = 6.5_ psia

For a psia transducer with a high-low R-Cal, which is typical of the low-

range transducer such as 0 to 0.2 psia, used for nozzle pressure and

altitude capsule measurements, the procedums are:

Pm = : b (Dx - D1 + P5
2

where

Pm = measured pressure, psia

D 1

D2

P5

= chart zero to low R-Cal

= chart zero to high R-Cal

intercept of the transducer which is the pressure equivalent

to the low R-Cal electrical unbalance as established during
calibration, psia

Figure I08c is an example of this type of chart.

This procedure was not followed directly for the test data reduction in

that a plot of transducer reading vs voltage output was made, and the R-Cal

read in terms of voltages. This simplifies the reduction in that the
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intercept value can be the base point for the plot, and consequently, the

chart can be read essentially directly.

Multiple Measurements° For averaging of the various parameters when

multiple measurements were made, in particular the nozzle inlet pressure

Pc2' it was decided that the precision of the various transducers should

be taken into account. A weighted average based on this precision was

selected as the most satisfactory method. Typically for reduction then:

[ )Pc2 for test 01] = Pc2 No° 1 \0.109 + Pc2 589 +

) --("1,_._1too ,, . lO9 \!). 61"73i/No. 3 1/ ,[l.0 + (1.0 + 1.0 x : 82.2!, psigPc2

Pc2 = (82.2_i + 12.04) psia

= %.28 psia

Flowrates

lIydrogen. IIydrogen flowrates were read directly from the curves shown

in Fig° 109. These were generated from the calibration data of the sonic

venturi and show flowrate as a function of venturi upstream pressure

and temperature.

As an example for @f for test 013:

Average Upstret_m VentuI'i Pressure = 599.6 + 12.Oh = 611.0#t

Upstream Venturi Temperature = ql.5 F

_'£ = 0._t27 lb m/sec
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Fluorine. Fluorine flowrates were computed using the water calibration

data from a calibration curve as shown in the facility section,

K (CPS) (SpG)_ 2

o (crG)

where

K = conversion constant for gal/sec to lb/sec

CPS = test run reading of cycles per second determined from

oscillograph

(SPG)LF2= fluorine specific gravity at test conditions

(CPG) = cycles per gallon corrected for H20 viscosity from the
calibration curve

Specific gravity for fluorine is determined from the density vs tempera-

ture and pressure curves shown in Fi_. 1]0. As an example of a fluorine

f]owrate calculation:

N,,. 1 = 0"13372 (313"33) (96.52) m/sec
o (772.79) = 5.233 lb

A later correction was made to account for impurities which are present

because the density curve assumes pure fluorine. This is discussed in

the data evaluation section of this sample data analysis.

Thrust

Vacuum thrust was computed in a two-step operation.

determined by the KN method as:

FM= DR - DA) (Dx- DB

Site thrust is
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where

FI_

D B =

measured thrust, pounds

system zero at the time the R-Cal is taken

R-Cal deflection

system zero at each engine test

test deflection

The system zero at each test is utilized to account for any zero shift

caused by temperature or by the unbalanced forces that exist when the

altitude system is started.

Site thrust for the two measurements was computed as above using the

average key number from the pretest and post test calibrations. The two

thrust measurements were then averaged and vacuum thrust computed by add-

ing a correction for the altitude capsule pressure.

29o_.75
FM No. i = @&5 -0.3) (76.2 - i.i) = 2267.6 lbf

FMNO. 2 = 2266.7 lbf

F M average = 2267.2 lbf

PA = altitude capsule pressure = 0.135 psia

A = nozzle exit area = 827.18 sq in.e

Fvac = F M average + PAAe = 2267.2 + 111.7 = 2378.9 lbf
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TEMPERATURE., DEG. F

Fignre ]10. Variation of Liquid Fluorine Density with Temperature

at Indicated Pressures.
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DATA EVALUATION

The previous data reduction has produced the thrust, pressure, and flowrate

data necessary to generate the desired performance parameters. The follow-

ing calculations will convert these quantities to the kinetic and thrust

chamber efficiencies.

Test Conditions

To obtain the stagnation pressure from the start-of-contraction static

pressure Pc2' the assumption is made that the flow in this region is

uniform and parallel and possesses the same stagnation-to-static pressure

ratio as it would if it were in perfect chemical equilibrium. For

fluorine/hydrogen at a contraction ratio of 2.05:1, this value is 1.05_.

Thus, the stagnation pressure is

P = (1.056) x (94.28) = 99.37 psia
C

The flowrate computed previously was based on the assumption of pure

fluorine. For test No. 13 it is seen from Table 5 in the Performance

Analysis section that the oxidizer was actually 98.5-percent fluorine

and is only 99.0_ percent as dense. Therefore the corrected oxidizer

flowrate is

Woxid = (Woxid)
corr ave

= 5.219 lbm/sec

x (Pcorr ) = (5.270) x (0.9906)
oxid

where

/xkffoxid ) = average apparent flowrate for pure fluorine
ave

Pcorr = density correction caused by impurities
oxid
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I

The correct mixture ratio is then

MR
corr

Woxid

corr _9_ = 12.21

H2 0._27

The total flowrate is

• = @oxid +@H = 5.219 + 0._27 = 5.6_6 lbm/sec
wt°talcorr corr 2

For test 13, the geometric throat area was 13.8_ sq in.

Characteristic Velocity (c*)

The uncorrected c* can be computed as

Pc At gc
C*

unc Wtota 1
corr

(99.37) x (15.8t_) x (32.17_)

= 5.6_6
= 7837.1 ft/sec

The uncorrected c* value is easily determined but is neither compatible

with the definition of the theoretical thermochemical c*, nor il i% a measure

of injector efficiency. To correct the c* value, the throat area must

be converted %o aerodynamic throat area, and the c* value must be con-

vetted %o the conditions of no heat loss and pure fluorine. The ratio

of aerodynamic to geometric throat area is the discharge coefficient CD

with a numerical value of 0.9945. The c* correction caused by heat loss

_HLc, is seen from Fig. 57 to be 1.008_. The presence of impurities

in the fluorine reduces the maximum attainable c*, giving a correction

factor, _I from Table 5 , of 1.002_.
C _
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The corrected c* can then be computed as

C*corr = c'uric x cD x (_ rmc. + _ic. - 1.0) = (7837.1) x (0.9%5) +

(1.008_ + 1.002_ - 1.0) = 7878.3 ft/sec

For the test 13 parameters, the theoretical c* value is found from Fig. 135

in the Performance Hap section to be 8000 ft/sec. Thus, the corrected

c* efficiency (_c* ) is
corr

C*
corr 7878.3

_He. - - 0.98_8
C*theo 8000 =corr

This efficiency is a direct measure of injector excellence. The loss

modes which have been corrected for are properly attributable to the thrust

chamber (discharge coefficient and heat loss) or the propellant (imp ities),
and w£11 be accounted for in the following steps.

Vacumn Specific Impulse (Ivac)

The delivered vacuum specific impulse is computed to be

F
lbf-secI = vac _ _21.2

vaCtest Wtotal = 5.646 = ibm
corr

The theoretical chemical equilibrium value is found from Fig. 138 of the

Performance Hap section to be 485 lbf-sec/lbm. The delivered efficiency

is thus

I
vaCtest _21.2

71 - I - _85.0 - 0.868_
vaCtest vaCtheo
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Thrust Chamber Efficiency (_TC) and

Kinetic Efficiency (_K)

vac + 1) - 0.868_
0.98_8_TC - _c _ (_I I -

corr s

+ (o.oo3 ) = o.8851

The losses included in the thrust chamber efficiency are kinetic, geometry,

drag, and heat loss. Theoretical values of the last three of these have

been combined in Fig. 65 of the Performance Analysis section. Thus, the

experimental kinetic efficiency is

_K = ??TC + 1 - (??G + ??D - _L ) = 0.8851 + 1.0 - 0.9585 = 0.9_68

For this case, the theoretically predicted kinetic efficiency is found

from Fig. 51 of the Performance Analysis section to be 0.950.
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TEST RESULTS

During the Tasks III and IV portion of the program, 105 high quality data

points were obtained. This section presents a summary of the data includ-

ing hardware configuration, measured engine parameters, combustion stabil-

ity characteristics, and performance values used for dat_ evaluation. In

addition, problems encountered during test operations and posttest

hardware condition are discussed, and an analysis of the precision of the

data measurement systems is presented.

DATA SU_,ARY

A total of 186 engine tests were conducted in 66 hyperflow operations; in

addition, several engine tests were conducted at ambient conditions for

system and/or engine calibration. Appendix B presents a tabluation of the

objectives and results of each test.

Table 13, a summary of the test data, shows measured engine parameters and

combust: tl stability information. All terms are defined and calculated

for a sample case in the preceding section.

Table _ :_unmiarizes the data corrected to performance evaluation terms as

describc¢_ i_ the second part of the preceding section. The various

corrections, m_d resultant nozzle efficiencies are shown in this table.

Nozzle wall pressures data are shown in Table 15 through 21. These data

are shown as wall pressure normalized flo nozzle stagnation pressure to

elimina_ic the effects of slight chamber pressure variation from test to

Lest.
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TABLE 1_

NFL DATA SU)

Task

IZI Oxidizer

Test Orifice

Number Size

t

]

]

i

i

28

__ i" 228

* 297

297

297

PTo P Po To Po To Po Po To

F/M1, F/_I, F/M2, F/_2, _c M, InJ, Inj,psig pstg psig_ lb u ft psig F

191.3

197.3

201.3

201.3

222.5

179.3

179.3

193.9

193.9

205.6

205.6

150.4

178.3

186._

52.5_

58.7'

62.0'

62.5_

62.5_

220.1

220.1

285.9

307.3

320.5

320.5

365.5

_01.5

_01.5

_29.9

_2q.0

363._

363.4

_5_.0 k27.10

_5_.0 _27._

_61.1 _3_.6

_61.1 _3_.6

366.3 327.6

3_6.3 327.6

_38.o _15.1

_35,5 _13.1

_6.7 _19.2

_6.7 _19.7

285.5 279.8

285.0 279.3

576.6 368.9

_01.0 392.8

_29.5 _15.7

_07.1 398._

_07.1 398.9

_39.0 _20.3

_38.5 _29.3

_38.0 I_28.8

391.h 381.3

391._ 381.3

_07.1 397.5

_08.1 398.0

h21.8 _10.2

_o9.1 385.3

_2_.9 _00.6

_55.8 _31.0

_5_.8 _31.o
3h2.1 316.5 -311.7 --

3_.2 316.8

386.8 358._

h09.7 369.2

_1.7 375.7

i

)

)

)

)

)

f

I

t

i

i

l

2

3

5

1

1

1

I

1

1

I

I

i

i

i

__ I

1

-- 1

-3_o.6
376.9 -3Ol .2

173.3 -291 175.3 -292

177.h -2o5 178.h -293

183.5 -312 183.5 -315

17_.3 -317 172.8 -319

189.0 -318 189.1 -319

155.6 -302.5 15_._ -303.5

155.6 -31_.5 155.5 -312.5

169.3 -306.5 168.7 _ -309

166.7 -517 167.2 -315

176.9 -507.5 177._ -509

176.9 -317 173.3 -317.5

127.7 -302.5 132.7 -300

153.4 -315.0 153.6 -315.0

161.5 -316.8 161.81 -316.0

_7.90 -312.5 _7.60 -311.5

52._ -306.5 53.07 -308.5

55.97 -311o0 56.1_ -311.5

56._8 -31_.5 56.65 -31_.0

56._8 -315.0 56.65 -315.0

213.6 -308.5 21_.6 -308.0

21_.1 -313.0 21_.6 -312.5

277.7 -315 276.9 -315

297.9 -316 297.9 -316

311.0 -316 311.2 -315.8

310.5 -316 310.7 -315.8

3_6.3 -312 3a7.9 -312

379.7 -315.6 381.2 -315.2

379.7 -316.o 381.2i -316.o

_0_.5 -315.5 M)6.2! -315.2

40_.5 -315.9 406.2 -315.5

3_.1 -306.5 3_3.7 -506.5

3_3.6 -312.5 3_3.1 -312.o

-313.6 k2823 -313_5

-316.3 _28.3 -316.8

-316.8 _35.0 -316.7

-317.2 _35.0 -317.2

-296.8 325.5 -299._

-31o.5 326.5 -308.5

-316 _15.5 -316.0

-316.6 _12.9 -316.5

-317.3 _19.1 -316.8

-317.8 _19.1 -517.6

-305.7 280.6 -305.8

-306.8 280.0 -306.0

-3o9.2 369.3 -309.7

-31o.1 392.9 -310.1

-312.7 _16.0 -312.5

-3o_.7 398.6 -3oh.8

-3o_.9 399.1 -305.0

-298.0 _29.2 -298.0

-299.5 _29.7 -299.5

-302.2 _29.2 -302.2

-308.0 38_.0 --

-308.1 38_.0 --

-307.7 399.2 --

-29_.6 399.7 --

-296.2 h12.9

-3o_.5 387.5

-3o_.6 _o3.8

-298._ _33.61

-298.0 _33.1

316.9

-311.9 317.9

-30h.5 361.1

-3Ol.0 351.1

-301,h

*Indicates invalid test

1,

cps

Pf Tf

F/M Wo Wo Wo Vent Vent

,/s2, 1, 2 Av ,c_s l_Aeo lh/s;o lb_e_ ..i8 _/_1, s 1,[

257.5o[ 3.872 3.97_ 3.923 771.7 5_

271.88 _.155 h.209 _.182 628.0 56

266.67 _.266 _.379 _.322 979.6 51

253.00 h.llO _.19_ _.152 9_9.5 52

275.75 _.501 _.567 _.53_ 50_.8 53

328.81 5.158 5.231 5.105 737.1 _2

315.79 5.137 i.165 5.151 7_3.1 _2

3_5.5_ 5.h77 i.592 5.53_ 571.6 _2

336.59 5._99 1.5_1 5.520 580.7 _3

363.83 5.767 5.883 5.825 _78._ _3

351,02 ;.686 5.788 5.736 681.h h6

285.60 h_62 _.509 h._185 1336.0 hO

323.33 ;.233 5.307 5.270 5%.6 hl

3ko.o0 5.506 1.595 5.550 _92.5 _3

131.37 2.1_5 2.1k_ 2.1_ 735.6 28

1_5.h5 2.32_ 2.353 2.339 37_.3 30

157.69 2.55_ 2,573 2.56h 289.0 32

158.46 2.583 2.601 2.592 235.8 33

158.21 2.588 2.602 2.595 235.8 3_

135.3 2.206 2.191 2.199 72_.3 39

13_.5 2.203 2.202 2.203 726._ _2

155.8 2.567 2.560 2.56_ 563.2 _2

161.0 2.673 2.651 2,662 282.7 _2

163.9 2.720 2.698 2,709 228._ _3

163.5 2.700 2.691 2.695 229._ _h

28_.37 _.567 _.6_0 _.603 819.9 --

312.50 ;.085 5.1_1 5.113 656.3 --

298.25 _.872 _.912 _.892 ;18.8

300.96 _.85_ _.951 h.902 i61.0 51

31o.91 5.050 ;.115 5.082 hlO._ _0

29h.o5 _.653 q.735 h.696 708.5 28

282.29 h.537 _.608 h.572 ?03.5 28

321._3 5.183 i.268 5.225 592.1 29

322.62 5.238 5.328 5.283 593.1 29

326.25 5.305 5.388 5.346 _91.7 50

329.85 5.36_ ;._1 5._02 _91.7 30

296.67 _.569 _.622 _.595 638._ 30

277.78 _._3_ _._9_ _._6_ 63_._ 3o

321.15 5.223 5.311 5.267 588.3 30

320.00 5.211 i.28_ 5.2_7 588.3 30

323._ 5.261 i.3k,_ 5.302 _95.1 29

321.21 5.2_o 5.313 5.276 _97.1 29

1_1.o7 2.270 2.277 2.273 591.8 32

1_3._0 2.297 2.320 2.308 560.7 32

16_.62 2.65_ 2.681 2.608 _02.9 31

169.67 2.739 2.765 2.752 300.5 31

17_._9 2.829 2.861 2.8_5 263.2 32

168.750 2.783 2.768 2.775 275.6 --

168.085 2.771 2.766 2.768 276.6

17_.576 2.825 2.812 2.818 2_1.5 57._

173.171 2.820 2.807 2.813 226.5 57.C

171.552 2.81h 2.79_ 2.80_ 231.5 57._

168.o56 2.687 2.702 2.695 385.3 61

167,188 2.682 2.689 2.686 381.2 60

171._20 2.738 2.7% 2.7_6 288.5 61

173.171 2.691 2.686 2.689 291.5 63

17_.2h2 2,715 2,715 2.715 2_7.1 6_

169.22 2.696 397.9 --

171.27 2.731 290.8 --

181.05 2.836 2_6._ 62

177.65 2.778 2_7.g 62

297.67_ _.811 1022.0 60

297.78 _.8o7 991.8 6_

321._5 5.11_ 9_9._ 6_

5_8._3_ 8,650 8.606 8.628 13_2.2 72

576.92? 9.109 9.059 9.08_ 1293.9 72

I

[_ I_FNI):P . pressure Pcl - inJ_

T - temperature p _ - noz:

f - fuel lnJ = inJeett

o - oxidizer Vent - venturi

U/S - upstream Alt - altltud

F/M - flovmeter F - thrust

- flowrate

0 = density
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Tf

',t Veut

2 u/_2,g'

12 55
;5 58

L4 52

14 53

7 53

43

44

114

45

45
116

111112

113

28

30

32

311

35

110

43

42

43

44

44
0 43

3 119

1 40

0 51

5 40

.6 28

.5 28

.3 29

,3 29

2 29

2 29

;11 30

'3 30

.8 3O

2929

.6 29

.11 30

.9 31

,8 31

.o 31

il 31

7 59

60.261

8 61

0 62
6 611

6 63

4 64

5 65

.0 67

.2 --

.11 64

.9 --

.5 --

.2 --

. q 711

.3 71

.hi| chamber pressure

otlamb e r pressure

I

Pcl

1,

psxg

68.31

71.211

77.82

711.79

73.68

88.96

89.117

92.71

92.20

93.52

91.50

86.37

88.59

90.11

35.n,o

3o.511

33.07

3_. 38

34.99

35.11

35.Ol

311.80

36.40

37.o11

36.83

81.17

83.60
8o.66

84.50

79.95

78.52

77- 5O

87.16

88.49

87.57

88.28

79. 711

70.29

87.97
88.06

85.73

86.311

51_. 5lt

55.115

38.09

39.62

39.62

38.91

_8

38,5{]

39.4'2

37- 35

38.0£

39.75

40.9C

110. lC

110.1¢

37.2(

40.8(

39.6t

40.35

38.9:

89.0:

88.9:

92.6_

162.11'

166.11"

Pel Pc2 Pc2 Pc2

2, 1, 2, 3,

psig psig psig [ psig

67.89 63.81 63.62 I 64.17

72.26 66.o3 65.85 I 66.49

78.06 73.39 73.32 I 73.47

75.62 70.06 70.08 I 70.25

711.3o 68.05 67.55 ] 67.84

88.62 -- 82.95 I 83.03

89.12 -- 83.115 I 83.73

91.76 -- 85.78 [ 85.54

91.66 85.89 85.78 I 85.94

91.76 85.69 85.98 I 85.98

91.56 85.18 85.07 ] 85.311
86.211 82.01 81.78 I 82.12

88.68 82.11 82.08 I 82.43

88.99 82.82 82.89 I 83.03

35-67 33.36 33.49 I 33.55

30.80 27.84 27.95 I 28.21

33.13 29.95 29.80 I 30.23

54.115 31.05 31.07 ] 31.211

34.115 31.15 31.28 1

35.28 3_.03 34.19 I

34.87 33.83 33.48 I

34.117 31.11 31.46 I

36.39 33.12 32.67 I

36.39 33.33 33.38 I

36.29 33.12 33.28 i

81.09 76.82 75.71

83.17 77.53 77.69

80.93 74.41 711.74

84.13 78.84 78.511

8o.16 73.80 75-73

78.46 72.59 72.62

76.93 71.59 71.51
86.61 80.211 80.11

88.o11 81.65 81.32

85.79 79.511 79.3o

86.92 8o.14 79.91

79.68 73.69 73.32

7o.111 611.92 64.72

88.14 81.25 81.02

88.75 81.45 81.02

86.10 79.24 79.00

87.02 79.64 79,20

511.99 _2.40 32.41

35.66 32.91 33.02

38.72 34.82 34.511

39.13 35.83 35.!)5

39.33 36.03 36.05

39.18 35.07 35.91

38.68 34.56 35.50

39.18 35.37 36.21

37.11_ 33.76 311.49

38.1_ 311.26 35.10

110.114 36.38 36.32

41.0_ 37.29 37.23

40.5_ 36.28 56.21

40,5_ 36.58 36.112

37.5{ 33.65 33.87

111.0_ -- 37.59

39.8 _ 35.611 36.17

110.11Z 36.111 36.27

38.9_ 35.011 35.25

87.7_ 83.17 82.70

88.1c 82.96 82.70

93.11t 86.90 86.55

162.8_ 151.70 151.26

167.5" 156,26 155.51

___w _ ..... L .....

31.411

34.16

33.66!

31.94 1

33.33

33.96

33.45

75.79

77.78

74.86

78.55

73.92

73.o6

72.06

8o.61

81.92

79.81

80.51

73.85

65.26

81,112

81.62

79.50

79-91

52.77

33.08

55.40

36.51

36.41

35.811

35.1111

36.211

34.33

35,03

36.22

37.23

36.22

36.42

33.78

37.65

36.03

36.25

35.112

83.09

83.09
86.811

151.58

155.82

Pc2

Avg,

pslg

63.911

66.20

73.112

70.111

67.92

83.02

83.68

85.58

85.91

85,87

85.24

82.03

82.211

82.91

33.115

28.00

30.06

31.13

31.28

311.10

33.73

31.48

33.26

33.39

33.27

75.80

77.6_

74.62

78.70

73.85

72.79

71.76

80.38

81.73

79.63

80.27

73.72

65.04

81.30

81.48

79.33

79.71

32.55

32.99

33.03

36.04

36.19

35.117

35.01

35.81

311.06

34.67

36.29

37.25

36.24

36.47

33.75

37.611

35.93

36.21

35.27

83.05

82.98

86.81

151.511

155.86

Pc2'
psxa

76.18

78.44

85.57

82.30

8o.o7i

95.21

95.87

97.77

98.10

98.06

97.43

94.O7

94.28

94.95

115.56

110.11

112.17

43.24

113.39

46.24

45.87

43.62

115.40

45.73

115.111

87.91

89.75

86,73

90.81

85.96

811.98

83.95

92.57

93.92

91.82

92.46

85.83

77.15

93.41

95.59

91.4_

91.82

411.66

45.10

47.14

48.15

48.30

117.57

117.11

117.91

46,16

116.77

118.37

119.33

48.32

48.55

115.83

119.75

48.04

118.32

47.38

95.16

95.o9

08.92

163.72
168.011

1770.01

1845.41

2009.1[

1963.61

1918.21

22111.9[

2223.91

2301.81

2316.81

2322.81

2319.8[

2207.21

2267.6

2503.9

1047.8

950.5

995.4

1002.9

1o111.9

1078.4

1064.7

lO48.0

1069.3

1075.4

lO72.3
2086.0

2158.2

2098.0

22o3.11

2079.9

2019.6

2001.4

2280,3

2301.6

2271.2

2295.5

2068.1

1840.6

2262.2

_271.3

1045.6

1063.7

1142.1

1158.6

1166.2

113o.4

1122.4

1148.1

11011.8

1135.2

1158.4

1171.3

1156.8

1163.3

1005.8

1181.5

1154.0

1165.4

11111.1

22911.0

2311.8

21127,4

1101111.0

11205.5

lb

7511.2 I

831.6 I

001.8 [

959.8 !

917.8

222.9

241.0

310.3

322.3

337.4

:323.3

_209.3

:266.7

'.296.9

0118.6

949.11

997.5

005.0

015.5

067.1

o55.o

045.0

065.5

L065.5

L065.5

10811.0

H53.2

._093.0

!198.6

/
[ Percent Buzz,

'avg' ¢ac' Pmax Pmin x 100

lb Pc2

--÷

762.1 858.21 4.1

838.5 934.61 5.2

_0o5.5 108.3 ] 11.8

961.7 06O.3[ 15.6

918.o o18.31 4.5

!218.9 3118.81 3.8

!232.5 352.3] 5.0

_3o6.1 1126.oi 1.9

!319.1 1134.11 1.5

!330.1 4118.41 1.0

!522.1 435.41 0.9

_208.3 316.71 4.6

!267.2 378.9' 2.8

!3oo.4 1110.4 1.6

L048.2 113.3 17.0

9119.9 011.5 18.1

996.5 O58.4 111.9

t004.0 O66.9 9.5

t015,2 078.1 11.2

1072.7 124.0 17.8

lO59.9 108.7 4.2

1045.5 o93.5 17.8

1067.4 113.7 5.2

1o7o.5 117.7 1.6

1o68.9 116.o 1.6

2085.0 !157.8 3.7

2155.7 !225.2 2.7

2095.5 !16_.2 2.7

2201.0 _260.7 2.6

_078.o 2078.9 11116.7

2045.8 2032.8 _095.8

2015.5 2008.5 !082.2

2276.1 2278.3 _3115.5

2312.5 2307,1 2366.8

2279.2 2275.2 2343.2

2300.4 2298.0 2368.5

2080,5 2074.3 2158.1

1852.5 1836.6 1927.9

2280.1 2280.1 2363,1

2283.5 2283.1 2366.9

2235.9 2259.0 2337.8

2265.0 2268.1 2348.6

1046.7 1046.1 1099.2

1061.7 1062.7 1109.2

1135.6 1138.5 1187.0

1150.7 1154._ 1102.4

1161.3 1163._ 1213.2

1151.9 1131._ 1188.11

1123.1 1125.] 1177.9

1148.1 1148.1 1202.0

11011., 1104.( 1156,9

1130.: 1132._ 1185.8

1150. 11511.! 1238.2

1167.: 1169.t 1251.7

1150. 1158.t 1226._

1167.; 1165.1 1226._

lOq6. lO_6A 1165.1

1173. 1177. 1265A

1153. 1153H 1227._

1164. 1164.1 12115,_

11110. 1140.1 1220._

2277. 22862 23611.(

2295. 2303/ 2375.c

2395. 2411. 21187.(

11036. 11040. 11089._

11191. 4198. 112113.!

2.8

5.6

4.0

2.8

2,8

1.3

1.5

5.6

3,1

3.1

2.3

1.8

2.1

31.5

18.8

28.8

8.8

2.5

1.9

1.9

1.2

1.6

1.5

11.8

11.8

2.9

2.9

2.6

4.7

2.1

2.1

1.11

9.5

10.8

5.3

1.7

1.2

200 - _..
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]_1.O C ill. ]lEE "IE" ]l[_l(" ]_IeT IE_ • A DIVISION OF NORTH AMERICAN AVIATION, INC.

TABLE 15

NOZZLE PRESSURE DATA FOR LONG THROAT

15-DEGREE CONICAL CHECKOUT NOZZLE

Test

No.

0O6

OO7

O08

Nozzle Static Pressure Ratio, PN/Pc2_NS

= 1.5 ¢ = 5 { = 7 E = 15 _ = 50 E = 60

o. 155

O. i/_0

O. 144

0.06_

0.065

0.069

0.01_

0.01_

0.015

0.00_

0.00_

0.00_

0.0012

0.0010

0.0009

0.00112

0. 00106

0.00117

Nominal

Chamber

Pressure,

psia

i00

i00

I00

209
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TABLE 16

NOZZLE PRESSURE DATA FOR 70-PERCENT BELL NOZZLE

Nozzle Static Pressure Ratio, PN/Pc2_NS

( = 15 ¢ = 30 ¢ = 60
Test

No. c = 1.5

009 0.063

OlO o.o67

Oll 0.067

o12 0.057

o13 0.066

o1_ 0.065

o15 0.056

o16 0.055

017 0.057

o18 0.059

019 0.059

020 0.055

021 0.056

022 0.059

023 O. 061

02z, O. 062

025 O. 063

026 O. 063

027-1 0.066

027-2 0.068

028-1 0.067

028-20. 068

¢=3 ¢=7

O.Oh3 0.019

o.oz_ 5 0.O2O

O. 0_ O. 020

0.039 0.018

O. O_Z, O. 020

O. Oz_O O. 020

0.038 0.016

0.029 o.o15

0.o27 0.015

o. o3o o. 016

O.O32 O.017

0.038 0.017

0.038 o.o17

o.o_o 0.017

0.0_2 0.017

0.0_3 0.017

O. Oll_ O. 017

o.0/i3 0.018

0.0_i5 0.017

o.o_6 0.018

o. oli6 o. 020

0.047 0.021

0.008

0.009

0.009

0. 008

0. 008

0.008

0. 007

0. 008

0. OO7

0. 008

0. 008

O.OO7

0. OO7

0. OO7

0.008

0.008

0. 008

0.013

0.012

0.o13

o.015

o.015

0.0067

O. 0060

O. 0061

O. 0063

0.0065

O. O06Zi

O. 0032

O. 0008

o. 0005

o. OO16

O. O018

O. O026

O. O027

0.0012

O. 0018

0.0018

0.0017

0.0071

O. OO69

O. 0073

O. 0068

O. O077

o. 00176

0.00173

0.00171

0.00168

0.00155

o. 00153

o. 00208

0.00217

o. 00200

o. 00197

0.00195

o. o0209

o. oo 18_

o. oo189

o. 00180

o. oo 176

o.00177

o. oo 192

o. o0183

o. oo 176

Nominal
Chamber

Pressure

psia

ioo

i

, ?

ioo

50

5o

ioo
!

ioo

210
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TABLE 16

(Concluded)

Test
No.

o6_

o65

066

067

068

069

O7O

078

079

080

081

082

083

08_

085

086

087

088

089

09O

091

Nozzle Static Pressure Ratio, PN/Pc2_NS

E=I.5

0.065

0.06_4

0.0652

0. 0645

0.0642

0.0628

0. 0603

O. 0606

O. 0633

O. 0642

o. 064

0.0576

o. 0577

O. 0627

0.0618

O. 0607

0.0618

O. 0620

_=3

0.0450

0.0432

0.0475

0.0487

0.0428

0.0462

0.0482

0.0399

0.042_

0.0432

0.0432

0.0379

0.0381

0.0416

0.0416

O. 0448

O. O477

O.O&81

0.0411

0.0419

0.0435

_=7

0.0211

O. 0203

0.0207

0.020_

o. 0203

0.0199

o.o193

o.o21o

o.o199

o.o2ol

0.0200

0.0190

o.o19o

0.0200

o.o196

o.o21o

0.0212

0.0213

o.o193

o.o192

o. o196

= 15

0.00851

0.0083

0.0083

0.0084

0.0083

0.0085

0.0084

o.o113

o.o113

o.o114

o.o115

0.0080

0.0078

0.0080

0.0080

0.0078

0.0080

0.0080

0.0078

0.0078

0.0078

¢ = 30

o.oo3oo

0.0048

0.0048

0.0049

0.0048

0.0048

0.0049

0.0046

0.0046

0.0046

0.0046

0.0046

0.0046

0.0046

0.0046

0.0046

0.0046

0.0047

0.0045

0.0044

0.0045

E = 60

0.00373

0.0033

0.0034

0.0034

0.0034

0.0034

0.002

0.0019

0.0019

0.0019

0.0024

0.0025

0.0018

0.0018

O.0019

0.O019

O.0019

0.0019

0.0019

0.0019

Nominal

Chamber

Pressure,
psia

175

1
175

50

1

5o

100
I
I

I

I'
i00

211
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TABLE 17

NOZZLE PRESSURE DATA FOR CONTROLLED EXPANSION NOZZLE

Test

No.

092

093

09**

095

096

097

098

099

lOO

lOl

lO2

lO3

lOZ,

lO5

lO6

lO7

lO8

lO9

11o

111

112

llZi

115

116

Nozzle Static Pressure Ratio, PN/Pc2_NS

E= 1.5

0.17_

0.176

0.178

0.179

0.175

0.176

0.178

0.177

0.163

0,162

0.170

0.168

I

0.183

0.187

0.188

0.186

0.181

0.178

E=2.6

O. 0803

o. 0826

O. 0839

0.08_5

0. 0821

O. 0823

O. 08*,2

O. 0858

0.0751

0.0751

0.0785

O. 077**

0.0832

0.0851

0.0851

0. 0825

0. 0852

0. 0861

O. 086_

O. 08z,6

0.0185

O. 0836

O. 0837

0.0819

E=7

0.0128

0.0132

0.0135

0.0135

O. 0132

O. 0130

O. 0133

O. 0133

O.OllZ,

0.0115

0.0125

O. 012',

O. O12Z,

0.0131

O. 0156

O. 012_

E = 15

0.00523

0.00569

0.00591

0.00591

0.00598

0.00579

0.00600

o.oo59_

0.00_60

0.00_66

o.0o5o_

o,oo557

0,00580

0.00603

0.00622

0.00588

( = 30

0.00315

0.00331

0.00335

0.00337

0.00335

0.00328

o.oo3_5

o.oo3_3

0.00319

0.00317

0.00327

0.00326

0.00339

0.00352

0.00359

0.00333

0.o130

o.o135

0.o126

o. o132

0.0137

o.o13z_

o.0123

o.o118

0.00609

o.0o63_

0.00535

0.00616

0.00633

0.00623

0.00568

0.00536

o.oo3_$

0.00356

0.00159

0.00138

0.00120

0.00385

0.00362

o.oo33_

0.00160

0.00160

0.00152

0.00151

o.001_9

0.00165

0.001_8

0.0018_

0.00178

0.00162

0.00151

0.00159

0.00157

0.001_2

0.00166

0.00163

0.001_9

0.000737

0.000756

0.000785

0.00120

0.00129

o.oo135

Nominal

Chamber

Pressure,

= 60 ps ia

5O

I

5o

ioo

I

I00

175

'I
175

212
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TABLE 18

NOZZLE PRESSURE DATA FOR LONG THROAT 15-DEGREE CONICAL NOZZLE

Test

No.

o29-1

o29-2

05o-i

030-2

o31-1

031-2

o32-1

052-2

o33-1

033-2

034-i

034-2

035

036

037

038

039

041

042

OZi3

044

043

Nozzle S%atic Pressure Ratio,

¢=1.5

o. 139

PN/Pc2_NS

_=3

0. 141

o. lt_6

o. 146

o. 15o

o. 15o

0. i_0

0. 140

0.145

O. i_6

0. 149

o. 150

o. 130

O. 133

O. 139

0. 144

O. 148

O. 143

0.1/*8

O. lt_9

O. 149

O. 1_6

0.066

0.067

0.070

0.071

0.071

0.072

0.067

0.066

0.070

0.070

0.071

0.070

0.059

o.o61

o.o6_

0.o66

o.o67

o.0672

0.0663

0.0655

O.O667

0.0655

= 60

0.00105

0.00095

0.00071

0.00078

0.00078

0.00080

0.00105

0.00098

o.ooo83

0.00087

0.00085

0.00088

0.00131

0.00113

0.00112

0.00108

O.OO160

0.001_i

0.00135

0.00140

0.00136

Nominal

Chamber

Pressure,

psia

100
I

'l

i00

5o

Ir

5o

213
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TABLE 18

(Concluded)

Test
No.

0_7

0_8

0_9

050

051

052

053

05_

055

056

057

058

059

060

061

062

O63

Nozzle

E=I.5

O. 1_2

o. 146

o. 1_7

o. 159

o. 138

o. 159

o. 159

o. 159

0. 135

0. 137

0. 155

O. 155

0. 151

0. 156

Static Pressure Ratio,

PN/Pc2_NS

c=3 = 60

0.00115

0.00098

0.00096

0.00103

0.00155

0.00119

0.00112

0.00110

0.00081

0.00070

0.00069

0.00081

0.O0060

0.00065

0.00056

0.00032

0.00028

0.0655

0.0669

0.0669

0.0673

0.06_0

0.0670

0.0663

0.0675

0.0712

0.0688

0.068_

0.0712

0.0655

0.O662

Nominal

Chamber

Pressure,

psia

50

?

5O

100

]r

100

200
I

1

200

21_
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TABLE 19

NOZZLE PRESSURE DATA FOR SHORT THROAT 15-DEGREE CONICAL NOZZLE

Test
No.

159

16o

161

162

163

164

165

166

167

013

014

015

016

Nozzle Static Pressure Ratio,

PN/Pc2_NS

_=1.5

0.172

0.174

0.168

0.171

0.174

0.1724

0.1686

0.1763

0.1754

0.1753

0.1763

0.1753

0.1771

O.O584

0.0589

0.0592

0.0574

0.0552

0.0589

0.0581

0.0566

o.o571

0.0567

0.0577

¢ = 60

0.00084

0.00082

0.00088

0.00087

0.00084

0.000963

0.001029

0.000984

0.000961

0.00112

0.00102

0.00097

0.00105

Nominal
Chamber

Pressure,

psia

50

50

215
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TABLE 20

NOZZLE PRESSI_E DATA FOR IO-DEGREE CONICAL NOZZLE

Test
No.

017

018

019

O2O

02_

025

O26

O27

028

172

173

17_

175

Nozzle Static Pressure Ratio, PN/Pc2_NS

E = 1.5

O. 1766

0. 1802

0. 1787

0. 1801

O. 1756

O. 1718

O. 1762

O. 1730

O. 1757

0.1818

O. 1811

O. 1830

O. 1806

E=3

0.05_0

O. O556

o. o5_3

o.o55&

o. o53o

o.o513

O. 053_

o.o521

0.0532

0.0579

O. 0568

O.0576

o. 0567

( = 25

0.002_9

0.00251

0.002_7

0.00250

o.oo2_

o.oo2_

0.00229

0.002_6

0.0028_

0.002785

0.002822

0.00278_

( = 60

0.00097

0.00102

0.00100

0.00102

0.00099

0.00099

0.00100

0.00097

0.00099

0.00095

0.00091

0.00093

o.ooo91

Nominal

Chamber

Pressure,

psia

50

100

50

p

50
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TABLE 21

NOZZLE PRESSURE DATA FOR 20-DEGREE CONICAL NOZZLE

Test
NO.

001-1

001-2

002

003

00_

010

011

012

Nozzle Static Pressure Ratio, PN/Pc2_NS

_=1.5

o.1297

0.13Ol

0.1311

0.1292

0.131_

0.1318

o.1323

0.1311

_=3

0.0596

O. o59z_

o. 0600

O. 0589

o. 06o/_

O. 0606

o. 0608

o, O6O9

( = 30

0.0021

0.0021

0.0022

0.0021

0.00215

( = 60

0.oo170

o.oo166

0.00136

0.00120

O.OO19O

0.00126

0.00101

0.O0O91

Nominal

Chamber

Pressure,

psia

5O

5O
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DISCUSSION

Examination of the test data shows that correlation of data throughout the

testing was excellent, and in general, all instrumentation performed very

well. Transducers, including flowmeters, thrust cells, and pressures were

changed several times during the program, sometimes in pairs, and sometimes

in individual units, and yet the data were always consistent and repeatable

Several anomalies were encountered during the testing; these were resolved

and are discussed below.

Hydrogen Flow Measurement

The initial facility checkout tests resulted in excessively low combustion

performance when compared to that previously demonstrated in the injector

evaluation portion of the program. Because the previous data were well

documented, it appeared that some discrepancy in the facility measurement

system was responsible. Resolution of the problem occurred when analysis

of the various system measurements indicated that the pressure ratio across

the hydrogen sonic venturi was below that required to choke the meter.

This condition results in actual flowrate possibly 50 to 20 percent below

that indicated by the upstream pressures.

Because the injector inlet pressure was of the right magnitude, it was

apparent that choking was occurring some place in the main propellant line.

The yoke that forms the double inletto the injector was replaced by larger

diameter tubing, and subsequent testing indicated a venturi pressure ratio

of approximately 1.8, well above that required for sonic flow.
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Chamber Pressure Oscillations

A second irregularity, but one which was no% isolated as a problem until

somewhat later, was noted during %he early testing. This was %he occurrence

of chamber pressure oscillations in %he mid-frequency or "buzz" regime

(250 to 500 cps). I% was shown %ha% a significant lowering of performance

occurred when %he amplitude of %his buzzing exceeded a minimum value. Thrust

chamber characteristic velocity efficiency as a function of chamber pressure

buzz amplitude, defined as half %he peak-to-peak pressure variation divided by

%he chamber pressure and expressed as a percentage, is shown in Fig. 110.

As can be seen, a% amplitudes grea%er than about 7 percent, a significant

decrease in performance occurs; %his results in questionable thrust coeffi-

cient values. I% was therefore decided %ha% any Zests in which the buzz

amplitude was greater than 5 percent would be invalidated.

The significant characteristic of %he buzz was %he operating range in which

i% occurred. I% was almost entirely limited to %he low chamber pressure

(50 psia) and low mixture ratio (12:1 and less) regime. Since no similar

problem had been encountered during %he Task II testing, except during %he

characteristic leng%h evaluation %es% series, and %hen only at very low

values of characteristic length, i% was apparent the problem was associated

with opera%ion of the engine-facility combination, and was probably %he

result of a coupling between the combustion process and %he feed system.

Comparison of the flow systems for the Research Facility, where %he Task II

testing was done, and %he NFL facility indica%ed that a "stiffer" liquid

fluorine sys%em had been utilized a% %he Research Facility. This is a result

of shorter propellant lines and %he use of a high-pressure-drop orifice a%

the engine inlet %ha% essentially isolated %he engine from the feed system.

Orificing of %he system was evaluated during subsequent low-pressure testing,

and %he problem was ultimately resolved by this me%hod in combination with

temperature control of the liquid fluorine.
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As the data summary indicates, various orifices and orifice combinations

were evaluated with the intended purpose of operating the system at

maximum tank pressure for a specific mixture ratio-chamber pressure com-

bination. The initial change was to install an orifice at the dome inlet,

similar to what had been done in Task II. This alleviated the problem;

however, it was not satisfactory for all operating modes. The ultimate

result was the "distributed _ P" system, in which an orifice was used at

the oxidizer inlet and a second orifice at the main oxidizer valve.

Figure 112 shows the chamber pressure oscillation level as a function of

fluorine temperature at the flowmeter. All testing at 50-psia chamber

pressure is included. It is evident that this temperature has a signi-

ficant affect on the oscillation level, with essentially no tests exceed-

ing the allowable limit at temperatures above -300F. The hypothesis is

that the higher temperatures result in increased boiling of the propellant

as it passes through the injector and, in particular, the orifices. This

is supported by Fig. ll3 which shows the injector pressure drop as a

function of propellant temperature. The shift in pressure drop is higher

than can be accounted for, by the variation in propellant temperature,

indicating a shift in effective orifice area (i.e., in discharge coeffi-

cient). This change in discharge coefficient would occur if the propellant

were boiling in the orifice. The net result is no_ only increased

pressure drop for an equivalent flow, but also additional system decoupling

because of the damping provided by the gas in the orifice.

Fluorine temperature was controlled by adjusting the temperature of the

liquid nitrogen in the line cooling jacket. This is accomplished by

varying the pressure in the LN 2 storage vessel prior to the test.
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This problem could undoubtedly be solved in other ways, such as changes

to the flow system or changes to the injector, in particular the impinge-

ment distance or injection velocities. However, since it was not the

major intent of the program to investigate injector combustion design

techniques, the relatively simple and expedient system orificing and

temperature control solution was taken.

FLuorine Temperature

As discussed in the flow system description, some problems with fluorine

temperature occurred. These were resolved by the addition of the accumu-

lator to the system.

Hardware Condition

Posttest hardware condition was excellent. Figure 11_ shows the injector

face at the conclusion of the Task III effort. Throughout the program

the only engine hardware which was significantly damaged was the injector

dome on test Oh6.

During the latter portion of the Task III effort, the combustion chamber

showed signs of deterioration with minor erosion in the area from approx-

imately 2 inches to 10 inches below the injector face with some flange

warping and bulging. This section was replaced early in Task IV and,

with all low chamber pressure operation in this phase, no problems were

experienced.
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MEAS_ SYSTEM ANALYSIS

Analysis of the precision of the measurement systems was conducted as

described in Appendix C. Because the primary performance parameter

studied in this program was the thrust coefficient, detailed precision

calculations are presented for thrust, chamber pressure, altitude

pressure, throat area, and exit area. The individual imprecisions are

listed in Table 22. The resultant thrust coefficient precision at a

95- percent confidence level is ±0._03 percent. The quality of the Task IV

data, as indicated in Fig. 21, substantiates this analysis.

TABLE 22

MEhSUREMENT PRECISION

Parameter

Measured Thrust

Environmental Pressure

Exit Area

Vacmu_, Thrust

Chamber Pressure

Throat Area

Precision _ percent

+0.2015

__0. 175

E1.79

±0.202

±o. o97

±0 .'32
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COLD FLOW NOZZLE TEST PROGRAH

A/series of cold flow tests was conducted at the Rocket Nozzle Test

Facility on a 1/5 scale model, ( = 60:1, of the controlled expansion

nozzle. Thirty-eight tests were conducted with high pressure air as the

test medium. Performance efficiency was measured as a function of sim-

ulated altitude conditions and varying chamber pressure (17 to 175 psia).

Wall pressure profile data were also obtained during the test sequence.

Vacuum thrust efficiency increased by 1.2 percent as chamber pressure

was varied from 17 to 175 psia. Under full-flow conditions wall pressures

near the end of the nozzle were higher than predicted. Therefore, at the

termination of the test program, photographs were taken to detect the

presence of condensation of the exhaust jet.

THEORETICAL ANALYSIS

An analysis of the cold flow model was made in conjunction with the cold

flow test program. Although the contour was the same as was analyzed

for fluorine/hydrogen, the results are different because in this case the

working fluid was dry air. The analytical procedures used were the same

as those described in the Performance Analysis section.

An aerodynamic analysis using the method of characteristics resulted in

an inviscid geometric efficiency of o.9748 based on aerodynamic throat

area. The resulting pressure profile is shown in Fig. llS. The predicted

drag loss is sho_n in Fig.ll6. A laminar boundary layer was expected for

the cold flow tests. Vacuum efficiency is plotted vs chamber pressure

in Fig. ll7.
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MODEL DESCRIPTION

The nozzle contour used was a precise subscale duplicate of the hot-

firing controlled expansion nozzle. Normalized coordinates are listed

in Table 2 3 .

Flowrate maximum/minimum requirements of the test facility supply pressure

system, operating range limits of the force measuring system, and the

data tolerance limits of the test program were primary considerations in

the selection of a model scale of 1/5 full size.

Primary model design considerations were based on the program objectives

of obtaining thrust performance and pressure profile information. These

objectives required a contour tolerance limit of 0.2 percent. A drawing

of the model is shown in Fig.ll8, and significant geometric parameters

are presented in Table 23.

The model has a throat area of 0.5529 sq in., is 80 percent in length of

a 15-degree cone of equivalent area ratio, and has an expansion area

ratio of 60:1.

Material selection becomes critical when narrow tolerance limits on the

inside contour are required, especially if the model scale results in

large diameters and a decreasing wall thickness as the exit is approached.

The high area ratio and high percentage nozzle length requiring an 85-

to 95-percent material removal from the rough billet causes geometric

instabilities that are not desirable in obtaining accurate models. For

this reason, precipitation hardened stainless steel was chosen as the

fabrication material for the model. Tempering of the material stabilized

the billet for contouring and provided a hardened material suitable for

final contour polishing.
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TABLE 25

COLD-FLOW MODEL GEOMETRIC PARAH_ERS

Geometrical Throat Diameter as Measured 0.8390

at the Model Research Shop, inches

Geometrical Throat Area, sq in. 0.5529

Model Exit Diameter as Measured, inches 6.501_

Model Exit Area, sq in. 33.1973

Area Ratio 60.0_6

Nozzle Length From Throat, inches 8._532

Overall Model Length, inches 10.203

Percent Length of an Equivalent iS-Degree 80.000
Cone of the Same Area Ratio

Contraction Ratio at Plane of Pcs' Pc2' 3019_8

and Pcl

Contraction Ratio at Plane of Pc4 2.0515

Approximate Thrust Level With Air at 160

P = 175 psia, Ibf
C

Approximate Mass Flowrate at P = 175 psia, 2.5

ibm/sec c

Approximate Reynolds Number at Pc = 175 psia _.2 x 106
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Final inspection of tim model showed tile throat diameter within 0.03

percent; the exit diameter within 0 O1 percent; the throat area within

0.05 percent; the exit area with 0.02 percent and a maximum area devia-

tion over the length of the nozzle not exceeding 0.6 percent.

'Ell(' model is shox,ll in Fig. 119.

FAC ILl'IT DESCI{IPTION

The l_ocket Nozzle Test Facility (RNTF) is an intermittent blo_o_m test

section located at the Los Angeles Division of North American Aviation,

Inco, but o_med and operated by the Rocketdyne Division. The facility

is primarily used to determine the performance characteristics of various

nozzle configurations under cold flow conditions as a function of mass

rlow and altitude pressure ratio, (Pc/Pa). The Rocket Nozzle Test

Facility is shown in Fig. 120 and the model is shown mounted an the force

balance in Fig. 121.

PER_O1LMANCE P_ERS

ttaving determined the mass flowrate and the model force, all the other

necessary aerodynamic parameters may be readily computed.

1. Aerodynamic Throat Area, A*

The effective throat area may be computed from

A* -
P K

C C

where the pressure, P , temperature, T , and critical flow func-
C C

tion, K , are at chamber conditions and _ is the mass flowrate.
C
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Figure 121. Photographs of Cold Flow Model Mounted on 
Single  Component Force Balance 
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2. Model discharge coefficient, CD

The discharge coefficient is defined as tile ratio of actual to

ideal weight flow

a

CD - _.
P ArK

1 C C

3. Nozzle thrust coefficient, CF

FK

cF -- +

where

F = force measured in pounds

= mass flowrate in lb/sec

PR = Pc/Pa

¢_ = ratio of exit area to tile aerodynamic throat area.

t_. Nozzle efficiency,

CF
vac

= CF
vac ideal

where C F is the thrust coefficient and CF. is tile one-dimensional
1

thrust coefficient.
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TEST H ESKLTS

Model Discharge Coefficient

The effective throat area, A*, of tile model was computed for each test

and is listed in the data tabulation Table 2_. The model discharge

coefficient A_/At_ was nominally 0.989 at a stagnation pressure of 175 psia.

Nozzle Wall Pressures

Wall pressures along tile contour were recorded at six locations. The

model pressure tap designation and their respective locations are tabu-

lated in Table 25. Experimental wall pressure results are presented vs

nozzle axial length X/R t ,n Fig. 122. Fmcellent agreement between theo-

retical and experimental results is evident along the initial portion

downstream of the nozzle throat to an approximate axial location X/_ t =

8.8° The pressures recorded downstream of this portion were slightly

above theoretical.

Nozzle Efficiency

The test model was tested over pressure ratios of 167 t,o 58t,,h. The nozzle

thrust efficiency test results are presented in Fig. 123 as a function of

varying chamber pressure. Vacuum performance at P = 175 psia was 97._
C

percent.
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TABLE 25

Tap

Designation

WALL PRESSURE TAP LOCATIONS

MFASUR_D FROM THROAT PLANE

(R t = o.4195 INCH)

Axial Location,
inches

Axial Location,
Area Ratio

Pw5

%1o

%
Exit Plane

i.

0.4032

0.9532

1.4032

3.6332

7.828

8.3332

8.4532

0.9609

2.2717

3.3441

8.6587

18.66o3

19.8599

20.14585

1.3o9

2.114

8.317

19.990

54.954

59.074

60.O46
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Under full flow conditions, the change in altitude performance is caused

entirely by the variation in ambient conditions. Consequently, the

determination of vacuum thrust performance for any test, where the nozzle

exhaust is flowing full, may be based on the equation

E

CF = CF + (pc/Pa)
vac

Vacuum performance, _vac' was obtained as a function of chamber pressure.

The model chamber pressure was varied from 17 to 175 psia.

Vacuum efficiency varied 1.2 percent, from 96.2 to 97.h percent, as the

chamber pressure was increased from 17 to 175 psia.

Experimental performance results were 0.9 percent above theoretical.

Several tests were repeated using different instrumentation with identical

performance results. All performance data taken_re within a 0.15 percent

scatter band.

A numerical integration of the experimental wall pressures also resulted

in a 1.0 percent increase over the theoretical CF prodiction. It is

possible that the increase in performance over theoretical is a result of

condensation phenomena. The brevity of this cold flow program did not

permit further investigation of this question.

Gas flow separation from the nozzle walls was detected at pressure ratios

below 200. The overexpanded nozzle attempts to adjust itself by separat-

ing upstream of the nozzle exit to a lower area ratio. The resultant

nozzle condition subsequently yields a higher performance efficiency

(below Pc/Pa = 200) than would normally be computed from an ambient

variation alone.
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Schlieren Photographs

Sch]ieren photographs were taken of the jet exhaust with two light sources;

a Mole-Richardson continuous light source and a newly installed high-

intensity microflash unit. Definition of the shock patterns was more pro-

nounced (higher contrast) with the continuous light source, but not as

sharp as tile intermittent flash unit. Turbulence was more readily view-

able with the microflash light source. A comparison of two tests at

approximately the same test conditions is shown in Fig. 12_.

The variation of the exhaust pattern with increases in pressure ratio is

also shown in Fig° 12_. An oblique shock is clearly visible at the higher

pressure ratios. At lower altitudes the nozzle is severely overexpanded

and a normal shock (_ach disc) forms. The outline of the shock is clearly

shown.
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HEAT TRANSFI_

Wall temperature measurements were taken to define the nozzle heat trans-

fer characteristics for the Fluorine-Hydrogen propellant combination. The

combustion chamber heat transfer characteristics are discussed in detail

in Volume 1. The purpose of this section is to define the heat transfer

c'._aracteristics of the three nozzle configurations which were investigated

in Task llI. These are the long throat 15-degree c_nical nozzle, the 70-

percent bell nozzle, and the controlled expansion nozzle. The mathematical

model, measurement procedure, and results are presented.

MATHEMATICAL MODEL

Nozzle local heat transfer coefficient and heat flux values were determined

from temperature-time data measured on the cold side of the heat transfer

isolation segments. The isolation segments which were described in the

Hardware Description section are depicted in Fig. 125.

The ra£e of wall-£emperature rise can be equated to the rate of convective

heat transfer into £he wall by the energy balance shown in Eq. 1, if the

following assumptions are made:

1. The heat transfer isolation segments are thermally thin; i.e.,

no temperature gradient exists through the segment.

2. The axial conduction to or from the isolation segments is

negligible.

3. Radiation losses are negligible.

_. The cold side of the isolation segments are perfectly insulated.

q/A = p c h = h - (1)

2h7
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Figure 125. Schematic Cross Sections of Heat Transfer

Isolation Segments
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where

q/A = heat flux to segment, Btu/sq in.-sec

D = isolation segment density, ibm/cu in.

C = specific heat of segnnen± material, Btu/lbm - R

b = isolation segment thickness, inches

Tw = wall temperature, R

0 = time, seconds

h = heat transfer coefficient, Btu/sq in.-sec-R

Tr = recovery temperature, R

Assuming the specific heat and heat-transfer coefficient are constant,

the solution to Eq. 1 becomes:

Tr- Tw _ e_O (2)
Tr- Ti

where

Ti = initial wall temperature at _ = zero

h -1 (3)
_- pCb ,see

The parameter _ has the dimension of time and is called the time constant.

This simplified solution and definition of the lime constant is presented

for later reference.
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Equation 1 can be used to relate the wall temperatures to actual heat

transfer conditions in a variety of ways. An integral method was adopted

for comparing the test results with the mathematical model to minimize the

experimental errors. Equation 1 was solved for the case where the specific

heat of the isolation segment and the heat transfer coefficients were linear

functions of the wall temperature. In addition, the recovery temperature

was assumed to be a step function of time. Equation ] then becomes:

h p C o (1 + BTw) d0dTw -ho (] + ATw) (Tr - Tw)

where

C = specific heat of the isolation segment material extrapolatedo

to zero degree R, Btu/Ibm-R

B = coefficient of specific heat variation with temperature

h = heat transfer coefficient extrapolated to zero
O

A = coefficient of heat transfer coefficient variation with

temperature

Solving Eq. Ii, the result is

/Tr - _q _ + l - (B/A) 2_n ] + A Ti _ ho (1 + A Tr) _)
_n i Tr Ti ] + B Tr 1 + A Tw p CO b (] + B Tr) (5)

From Eq. 5, it is shown that the wall temperature on the left side of the

equation is linearly related to time, which allows the use of statistical

methods for interpretation of the test data in terms of the isolation

segment heat-transfer conditions. The temperature-time test data for

euch isolation segment were utilized to obtain a linear least squares

regression curve of the following form:

v = A + AI_
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where

y = 6n T(_ r - Tw_ + 1- (B/A)Ln _ + A Ti )
Ti ' I + B Tr + A Tr (6)

The slope of the regression curve, A1, was then related to the slope in

the mathematical model, Eq. 5.

h (1 +
A1 _ o A Tr)

Cob (1 + B Tr) (7)

The slope derived from the test data is related to the heat transfer

coefficient intercept by Eq. 7. A time constant for the above solution

can then be defined analogous to the one shown in Eq. 3.

h

o _ (1 + B Tr)A I (8)..1 +ATr-OCbo

Since temperature gradients occur through the isolation segments, a cor-

rection is made to the results derived above. A soluiion for the case

where the heat transfer coefficient and material thermal properties are

constant and the temperature gradient in the wall was approximated by a

cubic polynomial is presented in Appendix I! of Ref. 27. The solutions for

the inside wall temperature_ Ts, are:

Ts : (Tr- Ti) V1- e-_20 _ (9)

Ts - Bi Tr + } Tw (10)
3 +Bi
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where

• ]h/p cb sec-

: (1 +
Bi = Blot number

Tw = outside wall temperature at time e, R

Of particular interest in this solution is the time constant, f12" As

the Blot number becomes small (i.e., the internal thermal resistance is

small compared to the external film resistance),fl2 approaches the

previously defined 81 (Eq. 8). The ratio of the two time constants can

then be formed.

f12 1

+,-F)
(]])

Since the time constants are directly related to the slope of the computed

regression curve, the further assumption is made thai the computed slopes

are similarly related.

A'2 1 (12)

AI (i Bi*C)

Therefore, a new slope A,2 can be computed which will correct for tempera-

ture gradients in the isolaiion segment.

Equation 7, the relationship between the heat transfer coefficient intercept

and the computed slope, now becomes

h o (l + A Tr) A 1

r Cob (1 + B Tr) (1 +_'-)Bi

(13)
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From Eq. 13, a value for the heat-transfer coefficient intercept can be

computed. The local heat-transfer coefficient is then obtained from

h --h (1+A (14)
0

where Ts is defined by Eq. 10.

Based upon results from Eq. 14, the local heat flux is calculated from

q/A = h (Tr- Ts) (15)

A sample output for the computer program utilized in the computation of

the heat transfer coefficients is shown in Fig. 126. The first-approximation

values correspond to the case without the temperature gradient correction.

In all cases, the values with the temperature gradient correction were

utilized for data presentation.

The modification of the solution for temperature gradients imposes an addi-

tional restriction. The Biot number must be small for the correction to be

valid. The maximum Biot number encountered in the test data was approxi-

mately 0.20. This number corresponds to a correction of approximately

5.0 percent to the heat transfer coefficient.

The assumption of negligible axial conduction is equally valid for the test

data. Both isolation segment configurations (Fig. 125) utilized for tempera-

ture-time measurements should result in negligible axial conduction. Con-

figuration (a) is essentially isolated because of the small thickness

connecting the isolation segment to the remainder of the nozzle. Configura-

tion (b) is also isolated because of the contact resistance between the

copper plug and nozzle wall as well as the relatively low thermal conductivity

of the stainless steel nozzle.
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The thermal properties of copper were obtained from Ref. 27 .

The values utilized in the heat transfer coefficient computations are

listed below:

density D= 0.323 lbm/cu in.

thermal conductivity, k = 0.505 x 10 -2 Btu/in. sec F

specific heat, C (assumed to a function of temperature)

c=c E1 +_Tl
0

where

C O = 0.0858 Btu/lbm R

B = 1.338 x 10 -_

T = copper temperature, R

The recovery temperatures in the nozzle were calculated from the following

relationship:

Tr I ]= 2 Tc a
l +z-:-!_

2

where

BT = recovery factor

= ratio of specific heats

M = Mach number

= actual combustion temperature, R
Tca

257



m
iiEOC]IiC]E:TD_Ic"]_i[IIE • A DIVISION OF NORTH AMERICAN AVIATION, INC.

The recovery fac%or was assumed for a %urbulen% boundary layer,

RT -- (er)l/3

where

Pr = Prand%l number

The ac%ual combus%ion %empera%ure is ob%ained from %he %heore%ical com-

bus%ion %empera%ure, T , by appropria%e reduc%ion for combustion efficiency,
C

_C _:

Tca = Tc (_c*)2

Rocke%dyne's %heore%ical performance evalua%ion compu%er model was u%ilized

%0 ob%ain %he %heore%ical combus%ion %empera%ure as a func%ion of chamber

pressure and propellan% mix%ure ra%io. Typical Mach number dis%ribu%ions

for each nozzle were ob%ained from an analysis of %he nozzle flow by %he

me%hod of charac%eris%ics. The Mach number dis%ribu%ions were assumed %o

vary negligibly wi%h chamber pressure and mix%ure ra%io in %he region of

in%eres%.

The numerical value of %he cons%an% A was de%ermined from correla%ion wi%h

%es% da%a. Da%a from Reno %es%s 007 and 008 were u%ilized %0 evalua%e %he

ac%ual varia%ion of %he hea% %ransfer coefficien% wi%h wall %empera%ure.

Since %he slope of %he regression curve ob%ained for %he %ime-%empera%ure

da%a is direc%ly rela%ed %0 %he hea% %ransfer coefficien%, %he error

es%ima%e for %he compu£ed slope was chosen as %he cri%erion for evalua%ion.
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A wide range of values for A were assumed for each axial station in the

nozzle. These values were then utilized to obtain the least squares

regression curve for the temperature-time data. The value of -0.000005

for A minimized the error estimate for the computed slope at all axial

positions. Therefore, the above value is utilized in the computation

of all experimental heat transfer coefficients.

MEASUREMENT PROCEDURE

Local heat transfer coefficients and heat fluxes were determined by a

transient temperature technique using isolation segments placed at various

stations along the nozzle wall. Isolation segments were provided at five

axial position for the conical and bell nozzles at expansion area ratios

of 1, 7, 15, 30, and 59. The controlled expansion nozzle was instrumented

at seven axial locations; expansion area ratios of 1, 2, _, 7, 21, 30,

and 59. Each axial station was provided with three isolation segments

located 120 degrees apart, circumferentially. Transient temperature-

time data were obtained from the thermocouples located on the cold side

of the isolation segments. These data were then utilized to determine

the local heat transfer coefficients and heat fluxes by the computational

procedures described in the following section.

DATAREDUCTION

Representative tests were chosen for each nozzle configuration at the

three chamber pressure levels investigated (50, 100, and 150 to 175 psia).

To ensure that a valid linear slope was obtained, a least squares regres-

sion analysis was made of each temperature history; a correlation coeffic-

ient was utilized as the criteria for rejecting data. A minimum value of
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0.9900 was chosen. Any temperature history which resulted in a correla-

tion coefficient less than 0.9900 was discarded. The acceptable circum-

ferential data points were averaged to obtain a mean heat transfer co-

efficient and heat flux at each axial station.

To provide a compatible basis for data presentation, standard conditions

(chamber pressure and combustion efficiency) were utilized and all test

data were corrected to these conditions on the basis of the turbulent-

pipe-flow equation (Ref. 27). The following equation was used:

Pc(SC) 0.8 _?Tc*(test) 0.8
7(sc) = E Pc (test)J _c*(sc)

n(test)

where

 (sc)

P (sc)
C

P (test)
C

Vc (SC)

= experimental heat-transfer coefficient at standard
conditions, Btu/in.2-sec-R

= chamber pressure at standard conditions, lbf/in.2abs

= chamber pressure at test conditions, lbf/in. 2 abs

= combustion efficiency at standard conditions (0.980)

_c.(test) = uncorrected combustion efficiency at test conditions

_(test) = experimental heat-transfer coefficient at test conditions,
Btu/in.2-sec-R

In all cases, the standard combustion efficiency was assumed to be 98.0

percent. The standard chamber pressures for each nozzle were chosen to

minimize the data correction at any given chamber pressure level; the

values assumed are tabulated below.
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Nozzle Configuration

Long Throat 15-degree
Cone

Bell

Controlled Expansion

Standard Chamber Pressure,
lbf/in, abs

50, 100, 175

50, 100, 160

50, 100, 150

RESULTS

A typical computer output is shown in Fig. 126. Table 26 is a summary

of the normalized local film coefficients and heat fluxes as a function

of nozzle expansion area ratio, f, for each test. The same data are

shown graphically for the different nozzles in Fig. 127 to 132.

261



Z

z
O

I-

>

Z
.<

O

¢
Id

=E

I
I.-
n,

O
Z

b.
O

Z
O

¢)

>

Q

>

0

C'J

OO O OO OO O

p,- C_ 001 "_- O,IxO x.O

ooooooo
OOOOOOO

• .oo..*o.**-o_o ooooooooooo_

oo..oo_
OOOOOOO

ooo,ooo
OOOOOOO

..o.o_
OOOOOO

C_ C'4_ Oxl"--_O
C'Xl C_ O0 P-.O,I F'_

• o o o • •
OOOOOO

It'_ I",- L_
P.- _O C'Xl
O0 F'_ C'4

',.O L_ t_ O", ',.O OO _ .,,P C'Xl O ',O -_ O_ O', ,--'_ C_l L_ O,I Ol ',.O

c; _; c;_ c;_ _ c;c;c_c;_c;c; c;c;c;c;c;c;

C_ L_ L_

,J
I

O,I
',,D
O,I

......*.*.---- .....................

O
Z

O ,-_ ,_ ,_ ,-._ ,-_O_.OxOx.O',.O P,-O000
OOOOOOO_ O OOOOC_

r--I

O

O



u
z

z
o

I-
<

>
<

z
<
u

E
w
z
<

x
i..

o
z

b.
o

z
o

w

Q

°_.)

oo

ot,.,oo.

• . o _ o o , • • • o • • • •

%u • • • • , . • , . • e • , o •

000000000000000

<_

0_000000

• • , • , • , , • • o • • • , • • , • e • •

r

00_0 O0 _ IL'_ Ox 0", 00'_ 0", GO L_ L_..

',0 i'_O0
I' C) O

I'_ Cxl l_"%0 .._ C'Xl0 C%11'_ C",I I'_ C'xl Cxl
I' _ _._ I_'_C_l C_l I_'_I',"_I'_'_,-_ _ ,-._,_

000 C> 00 C_ C) C) C_ 0 C_

04
II

l= II

o_l

._ll
m_
m_

0 II

o_

II
_u

II

00000000

L_,-_ _0 I"..C',I 00XO I"-.O'_aO0 l_..,._O
',0 L_._'-O O0000 C'_1-.._ L_i',-',.O I'_L_

.+.) -+_

E'_

_ __ _ _'_ _ _

.-_ ',0 I'_O00x_O Ox L_ _..I 0% -,.'P _ l_',,O

OXO0 O00x O0 .._ l',,..1._ L_ OX C'XlI._ l'_ t_

00000000
_000000

000000000000000

00000000

b_
_q
0

b] i--I 0

Z 0

I

J

b_



][_ILO C _ __ "I" D _Ik_ I'qkl If_" • A DIVISION OF NORTH AMERICAN AVIATION INC

I

+7

I

i

+3

(I)

r_
c_
¢)
0

1
1 xlO

0
lxlO

I

_xperi_n_nta]
Chamber

Dre S SIll _ e

psi.,_

_75

I X IOC

2 5 lo 2o
_xpa_s1on Area Ratio

Fi_._re 1_7. Experimental Local Heat Flux vs

Expansion Area Ratio, Long Throat

15-degree Conical Nozzle

lOO

5O

264



[_ ROCKET]I)YI'_[E * A DIVISION OF NORTH AMERICAN AVIATION, INC.

I
ixlO

_

I X

-2
lx lO

1

/

i( 2 0

Expansion Area Ratio

Figure 128. _xper_.mental Local Heat Flux vs Expansion
Area Ratio, 70-percent Bell Nozzle

i00

Experimental
Chamber

Pre ssure,

psia

160

--I00

_0

265



l:lOCW_'l_'T]¢_l_'l'_iI]E_ • A DIVI61ON OF NORTH AMERICAN AVIATION, INC.

1

1 xlO

5

m

2

ixlo°I  eri entalChamberPress e 5 15opsia

"_ i00

2 - 5o

-1 @

5

2

co
o lxlO
o

-2
IxlO

1 2 5 LO 20 50 lO0

Expansion Area Ratio

Figure 129 .Experimental Local Heat Flux vs Expansion

Area Ratio, Controlled Expansion Nozzle

266



I_.OCIK.ETi)¥rq_E J A DIVISION OF NORTH AMERICAN AVIATION. INC.

OJ

.r-I
t
O

tO

ixlO -3

5

2

-4
z 1 xlO

!
h0

5
.-'t
0

0

r_

u 2
0

m

tll

_ -5
_ lxlO

(D

r-'t

° 5
0

2

-6
1 xlO

]

i

Experimental
Chamber

Pressure,

psia

175

IOO

[]

1 2 i0 2O 50 i00
Expansion Area Ratio

Figure 130. Experimental Local Heat Transfer Coefficient

vs Expansion Area Ratio, Long Throat

15-degree Conical Nozzle

267



I_,.OC]r_.]E:T]I_Ib'RI_r_]E_ • A DIVISION OF NORTH AMERICAN AVIATION, INC.

ixlO "3

2

-6
IxlO

Experimental
Chamber

Pre ssure,

psia

160

1OO

O

5O

I 2 5 I0 20 50 i00
Kxpansion Area Ratio

Fig_we 131.Experimental Local Heat Transfer Coefficient

vs Expansion Area Ratio, 70-percent Bell Nozzle

268



]i_l.O C iil_. ]E: '11"]Qb1¢" 1'_11lEE • A DIVISION Off NORTH AMERICAN AVIATION, INC.

_J

fi
I

fJ

rJ'j

_2
ill

._
o

.-.t

o

%

%

r-t

o
o

2

1 x 10-4

5

2

-5
lxlO

5

w

1 xlO

\
Experimental
Chamber

Pressure,
_sia

15o

1OO

5O

I0 2'

Ex )ansion Area Ratin

I 2 5o loo

Figure 132. Experimental Heat Transfer Coefficient

vs Expansion Area Ratgo, Controlled Expansion Nozzle

269/270



Ii.ocar_']E:T_I_'Z'_]I_ • A DIVISION OF NORTH AMERICAN AVIATION, INC.

THEORETICAL PERFORMANCE MAPS

A set of theoretical propellant performance maps for LF_GH 2 (at a temper-

ature of 77 F) has been generated. These maps consist of graphs of

characteristic velocity (c*), vacuum specific impulse (Ivac), and vacuum

thrust coefficient (CFvac) vs mixture ratio (MR), chamber pressure (Pc)

and nozzle area ratio (_). The maps are for the three propellant performance

models: chemical equilibrium, frozen composition, and frozen at the throat.

The two common performance models, chemical equilibrium and frozen composi-

tion, are usually assumed to be, respectively, the upper and lower limits

of expected performance. However, it was demonstrated in the injector

optimization program, Task II, that near chemical equilibrium c* values

can be obtained. Therefore, a more realistic lower performance limit for

the hardware size tested in Task III is the frozen-at-the-throat model.

However, from Fig. 133 it is seen that the difference between the equilibrium

and frozen performance values is caused more by nozzle effects than by com-

bustor effects.

The performance curves were _enerated for liquid fluorine at its normal

boiling point and gaseous hydrogen at 77 F. Although both the Task II

(injector tests) and Task III (nozzle tests) test programs actually used

fluorine at the normal boiling point ±emperature of nitrogen (because of

the nitrogen jacket on the fluorine tanks), the effects on performance of

the small difference in enthalpy are negligible. The heats of formation

used were 0 for 77 F hydrogen and -3.01 kcal/gm-mole for liquid F 2. The

performance curves (figures) are arranged as shown in Table 27.
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Figure 133 . Performance Model Comparison
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NOMENCIATURE

NOZZLE PERFORMANCE PARAMETERS

A_

Cd

CFidea 1

CF
vac

c-_
corr

C_theo r

c _
unc

= aerodynamic throat area, sq in.

= discharge coefficient

= ideal thrust coefficient

actual vacuum thrust coefficient

= characteristic velocity corrected for aerodynamic throat

area, heat loss, and impurities effects, ft/sec

= theoretical characteristic velocity, ft/sec

= uncorrected characteristic velocity, ft/sec

K
c

I

raCiest

I

vaCthe or

o/f

P
c

PR

c* = P At gcullc c

Wtotal
corr

critical flow function

= test delivered vacuum specific impulse,

= theoretical vacuum specific impulse,

= mixture ratio

= chamber pressure, psia

= pressure ratio . ..('Pc/Pa)

lbf-sec

lb
m

lbf-sec

lb
m
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T
c

a

1

A ttLc.

AI
c _

7

_c _
corr

vaCtest

_TC
exp

_TCthe or

_HL I
s

_I I
s

= combustion temperature, R

actual weight flowrate, lbm/sec

= ideal weight flowrate, lbm/sec

= characteristic velocity heat loss (_HL - 1)
c @

impurities correction factor (_I - 1)
c _

ratio of exit area to aerodynamic throat area (Ae/A*)

specific heat ratio

corrected combustion efficiency

drag efficiency

nozzle geometric efficiency

= kinetic efficiency

= test vacuum specific impulse efficiency

= experimental thrust chamber efficiency

= theoretical thrust chamber efficiency

= heat loss correction to characteristic velocity

= heat loss correction to specific impulse

= impurities correction to characteristic velocity

= impurities correction to specific impulse
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NOZZLE GEOMETRY PARAMETERS

A
e

A t

L*

M%

Rt

X/R t

Y/R t

(x/Rt)t3

(

oi/Rt

(o/ t)l

e .
mln

= nozzle exit area, sq in.

= nozzle geometric throat area, sq in.

= characteristic length of combustion chamber, inches

= design Mach number referenced to sonic conditions

= throat radius, inches

= normalized axial distance (along nozzle axis of symmetry)

= normalized radial distance (normal to nozzle axis of symmetry)

= normalized breakpoint (end of conical section)

= cone half angle, degrees

= area ratio

= radius of curvature upstream of nozzle throat

= radius of curvature immediately downstream of the nozzle

throat

= radius of curvature following the conical nozzle section

= nozzle wall angle at which the aerodynamic contour attaches

to the throat circle for a circular throat bell nozzle, degrees

= nozzle wall angle at nozzle exit, degrees
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INSTRUMENTAT I0N PARAMETERS

CPG

CPS

Dx

D 1

D 2

FM
F

vae

gc

K

KN

MR
cot

P
a

P
m

P3

= cycles per gallon corrected for water viscosity from

calibration curve

= test run reading of cycles per second determined from

oscillograph

= system zero, when transducer is vented to atmospheric pressure

= system zero at each engine test

= R-Cal deflection, recorder deflection for a specified electrical

unbalance

= test deflection

= chart zero at low R-Cal

= chart zero to high R-Cal

= measured thrust, lbf

= vacuum thrust, lbf

= mass conversion constant (52.17_) Ibm/slug

= conversion constant for gal/sec to ibm/sec

= key number, psig, physical input to a transducer corresponding

to a specified electrical unbalance

= mixture ratio corrected for impurities

= ambient pressure at time of test, psia

= measured pressure, psig

= intercept of the transducer which is the pressure equivalent

to the low R-Cal electrical unbalance as established during

calibration, paia
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(Sp G)LF2 = fluorine specific gravity at test conditions

_f = fuel flowrate, ]bm/sec

O
= ozidizer flowrate, Ibm/sec

oxid
cor

(Woxid)
avg

Wtotal
cor

= oxidizer flowrate corrected for impurities, Ibm/sec

= average apparent flowrate for pure oxidizer, Ibm/sec

= total flowrate corrected for impurities, ibm/sec

Pcorr = density correction caused by impurities
oxid

CIIE_IICAL REACTION KINETIC PARAMETERS

Ar

B

F

F 2

H

H2
HF

H2o
M

N2

O 2

= Argon

= ratio of required to available reaction rate at the

freezing point

= atomic fluorine

= diatomic fluorine

= atomic hydrogen

= diatomic hydrogen

= hydrogen fluoride

= water

= some third body

= diatomic nitrogen

= diatomic oxygen
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OH

r
eq

rk in

T

= hydroxyl

= net equilibrium rate of recombination cc2/mole-sec

2
= kinetically possible rate of recombination cc /mole-see

temperature, K

HEAT TRANSFER PARAMETERS

A

B

Bi

b

C

C
o

h

h
o

M

Pr

q/A

R T

T
c

a

Ti

= coefficient of heat transfer coefficient variation with

temperature

= coefficient of specific heat variation with temperature

= Biot number

= isolation segment thickness, in.

= specific heat of segment material, Btu/Ibm-R

= specific heat of isolation material extrapolated to zero

degree R, Btu/ibm-R

= heat transfer coefficient, Btu/sq in.-sec-R

= heat transfer coefficient extrapolated to zero, Btu/sq.in.-sec-R

= Mach number

= Prandtl number

= heat flux to segment, Btu/sq in.-sec

= recovery factor

= actual combustion temperature, R

= initial wall temperature at O = zero, R
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Tr = recovery temperature, R

Ts = inside wall temperature, R

p = isolation segment density, lhm/cu in.

Tw = wall temperature, R

= time constant, see ( )

= ratio of specific heats

e = time, seconds
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APPENDIX A

EFFECT OF TtIROAT RADIUS OF CURVATURE ON

BELL NOZZLE CHARACTERISTICS

NOZZLE CONTOUR P_ER VAP_IATION

This appendix presents some of the parameters associated with the nozzles

investigated in the circular throat contour study. In each case, the

parameter is related to the Rao optimum contour for the specified throat

radius of curvature. All calculations represented in Fig. A-1 through

A-_ were based upon gas properties at a chamber pressure of 100 psia and

a mixture ratio of 12:1.

Two nozzle parameters which characterize the optimum contour are @max

(the nozzle wall angle at which the aerodynamic section attaches to the

throat circle) and 8mi n (the wall angle at the nozzle exit).

For a given throat geometry (circular, in this case), there is an optimum

contour. As the throat circle radius (D/Rt) D increases, theaerodynamic

length available for the optimum aerodynamic contour decreases resulting

in a more divergent flow at the nozzle exit, a larger value of Omin, as

shown in Fig. A-I.

For a (p/Rt) D very close to zero, a sharp throat, some value of 0ma x

exists. As (p/Rt) D increases, 0 tends to increase to achieve the
max

optimume::pa.sion; however, for a given (p/Rt) D and a fixed nozzle length,
an increase of 0 shortens the available aerodynamic contour length

max

which decreases the nozzle geometric efficiency. For small values of

(p/_t)D, the optimum e may be achieved at a small expense in avail-
max

able nozzle length, as shown in Fig. A-3. However, as (P/Rt) D increases,
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the length penalty increases. Therefore, a tradeoff exists between ob-

taining a large value of 0 to obtain the optimum expansion and the
max

shortening of the available aerodynamic contour length. This tradeoff

qualitatively explains the variation of 0ma x with (p/Rt) D shown in Fig. A-2.

In the bell contour optimization procedure, the parameters 0 and the
max

Mach number 5_D are used at a point on the characteristic line having

flow angle at _he wall of 0 . The variation of M_D with throat radiusmax

of curvature is shown in Figo A-_.
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APPENDIX B

TEST RESULTS

This appendix summarizes the Task III and IV test programs in terms of

test objectives and results.

TASK II

Tests 002 through 014 (1965)

These tests were stand checkout tests. The data are all questionable

because of an incorrect (low) pressure ratio across the gaseous hydrogen

sonic metering venturi. This was rectified by replumbing of the downstream

hydrogen system. Apparently, choking was occurring at or near the injector

inlet and not in the venturi meter.

Tests 001 and 002 (1966)

The test conditions were:

Chamber pressure = I00 psia

Mixture ratios = 2,

The main oxidizer valve opening was delayed, and then the valve failed

to open fully, with the result that no stable data were obtained. No

reason could be found for this failure because the valve operated satis-

factorily before and after the test. No fur%her difficulty was

encountered.
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Tests 003 through 005

The test conditions were:

Chamber pressure = 100 psia

Mixture ratios = 9, 9, and 12

The liquid fluorine temperature was high, resulting in low chamber

pressures and mixture ratios. The dato were somewhat transient: no

reduction of the test OOh data was attempted. A sligbt hydrogen serve-

system oscillation at approximately 5 cps was observed. Test 005

exceeded the maximum buzz limit.

Tests 006 through 008

The test conditions were:

Cba,._,_'r pressure = 100 psia

Nix ,r_. ratios = 4, 4, and 15

The liquid t' uor_ne system pressure drop was high because the upstream

burs_ diaphr:,_m relieved after the first test, resultin_ in 1o_,' oxidizer

I'low and ch_;,,:_er pressur_. Tests 006 and 007 exceeded the maximum buzz

i imit.
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Tests 009 through 011

The test conditions were:

Chamber pressure = 100 psia

Mixture ratios = 9, 12, and 15

These were satisfactory tests, and mixture ratios and chamber pressure

were slightly high but acceptable.

Tests 012 through Olh

The test conditions were:

Chamber pressure = 100 psia

Mixture ratios = _, 12 and 15

These were satisfactory tests.

Tests 01_ through O19

The test conditions were:

Chamber pressure - 50 psia

Mixture ratios - _, 9, 12, 15 and 15
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The allowable buzz limit was exceeded on all tests. The measured per-

formance was low.

Tests 020 through 02_

The test conditions were:

Chamber pressure = 50 psia

Mixture ratios - _, _, 9, 12, 15 and 15

The allowable buzz limit was exceeded on three of the four lower mixture

ratio tests. The system was modified by the addition of an orifice upstream

of the main oxidizer valve. This seemed to have little effect at the low

mixture ratios but significant improvement was noted at mixture ratios of

12 and 15.

Tests 026 through 028

The test conditions were:

Chamber pressure = 100 psia

Mixture ratios - 8, 12 and 15

A !,retest modification to the fuel servosystem resulted in a high-amplitude,

l-cps oscillation in upstream pressure with corresponding chamber pressure

and mixture ratio shifts.
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Tests 029 through 031

The test conditions were:

Chamber pressure = I00 psia

Mixture ratios = 9, 12 and 15

Tests 030 and 031 were satisfactory. The buzz limit was slightly exceeded

during test 029 with a high amplitude 25-cps "chug" also evident.

Tests 0_2 through 0]_

The test conditions were:

Chamber pressure = i00 psia

Mixture ratios - 8, 12 and 16

Tests 033 and 03_ were satisfactory. Apparently, a poor pretest chill

caused a transient liquid fluorine temperature on the first test, and

poor data resulted.

Tests 055 through 039

The test conditions were:

Chamber pressure = 50 psia

Mixture ratios = 4, _, 9, 12 and 16
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The allowable buzz limit was exceeded on the first four test points.

An orifice was located at the liquid fluorine injector inle% with no

noticeable improvement in the chamber pressure stability.

Test 040

The test conditions were:

Chamber pressure = 50 psia

Mixture Ratio = 9

There was a failure to reach the intended altitude because of an open

door on the altitude capsule. No da%a reduction was made.

Test 041 through 045

The test conditions were:

Chamber pressure = 50 psia

Mixture Ratio = 12, 12, 15, 15, and 15

This was a satisfactory tes%. Dual orifices were used in oxidizer system.

_here was some oscilla%ion in fuel servo control system.
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Test 0_6

The test conditions were:

Chamber pressure = 50 psia

Mixture ratio = 12

Major engine and facility damage occurred from a fire in the altitude

capsule. Approximately 2 seconds after start the oxidizer dome inlet

failed, apparently because of leakage. Subsequently, the main oxidizer

valve failed to close and considerable fire and heat damage to instru-

mentation and control systems occurred.

Test O_ 7 through 0_0

The test conditions were:

Chamber pressure = 50 psia

Mixture ratio = 9, 12, 12, and 15

The test appeared satisfactory, however, subsequent evaluation of the

data indicated that the altitude capsule pressure reading was high,

probably due to transducer leakage.

Test 051 through 054

The test conditions were:

Chamber pressure = 100 psia

Mixture ratio = 9, 12, 1_ and 15

313



]!_,.O 9l_ ]i_. ]l_ ""][" ]l_l,"_Jh_ 1'_ ]E_ • A DIVISION OF NORTH AMERICAN AVIATION. INC

The test appeared satisfactory; however, subsequent evaluation of the

data indicated that the altitude capsule pressure reading was high,

probably due to transducer leakage.

Test 055 through 057

The test conditions were:

Chamber pressure = 100 psia

Mixture ratio = _, _, and 6

The allowable buzz level was exceeded on all tests.

Test 0_8 through 060

The test conditions were:

Chamber pressure = 200 psia

Mixture ratio = 6, 9, and 12

All tests were satisfactory, except that the maximum chamber pressure

obtained was 177 psia. This appears to be the stand limit, because tank

pressure and hydrogen trailer pressure were near maximum.

Test 061 through 063

The test conditions were:

Chamber pressure = 200 psia

Mixture ratio = 12, 15, and 15

All tests were satisfactory. The maximum chamber pressure was 180 psia.
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Test 06_

The test conditions were:

Chamber pressure = 175 psia

Mixture ratio = 9

The test was satisfactory. Additional tests were scheduled for this series;

however, the facility was cut off when the television observer indicated a

possible fire in the capsule. No damage was found.

Test 067 through 067

The test conditions were:

Chamber pressure = 175 psia

Mixture ratio = 9, 12, and 15

All tests were satisfactory.

Test 068 through 070

The test conditions were:

Chamber pressure - 175 psia

Mixture ratio = 9, 12, and 15

All tests were satisfactory.
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Test 071 through 073

The test conditions were:

Chamber pressure = 50 psia

Mixture ratio = 12, 12, and 1

No data were obtained because the gaseous hydrogen regulator did not

regulate properly, and venturi upstream pressure pegged off scale.

Test 07_ through 077

The test conditions were:

Chamber pressure = 50 psia

Mixture ratio = 12, 12, 15, and 15

Test operation was satisfactory; however, a I0 division zero shift in thrust

occurred during the last two tests. This was traced to an interference

between the thrust chamber and a diffuser pressure tap elbow which was

occurring under thermal expansion. No data were reduced.

Test 078 through 081

The test conditions were:

Chamber pressure = 50 psia

Mixture ratio = 12, 12, 15, and 15

All tests were satisfactory. The thrust shift problem was solved by changing

the diffuser pressure tap elbow before the test.
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Test 082 through 085

The test conditions were:

Chamber pressure = 50 psia

Mixture ratio = 2, 2, 9, and 9

Test 085 exceeded the allowable buzz limit; other tests were satisfactory.

Test 086 through 088

The test conditions were:

Chamber pressure = I00 psia

Mixture ratio = 9, 12, and 15

This was a satisfactory test.

Test 089 through 091

The test conditions were:

Chamber pressure = I00 psia

Mixture ratio = 2, 2, and 6

Some buzzing occurred on all tests, but only test 089 exceeded the

allowable buzz limit.

517



]_LO C _U_. ]E: 'lr ]E__lc _ ]E; • A DIVISION OF NORTH AMERICAN AVIATION, INC.

Test 092 through 095

The test conditions were:

Chamber pressure = 50 psia

Mixture ratio = 12, 12, 15, and 15

All tests were satisfactory. A drop in chamber pressure and oxidizer

flowmeter pressure occurred near the end of test 092; however, stable

operation was obtained prior to this. Operation was normal at cutoff.

No reason could be found.

Test 096 through 099

The test conditions were:

Chamber pressure - 50 psia

Mixture ratio = 12, 12, 15, and 15

All tests were satisfactory.

Test I00 through 105

The test conditions were:

Chamber pressure = 50 psia

Mixture ratio = 4, 4, 9, and 9
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These were satisfactory tests. Some buzzing occurred on all tests, but

all were within allowable limits. Thrust No. 1 was unacceptable on

posttest calibration, and was not used for data reduction.

Test I0_ through 106

The test conditions were:

Chamber pressure = I00 psia

Mixture ratio = 9, 12, and 15

All tests were satisfactory.

Test ii0 through 112

The test conditions were:

Chamber pressure = 175 psia

Mixture ratio = 9, 12, and 15

All tests were satisfactory. The oscillograph record for test 110 was

lost because of a latch failure at test start; therefore, flowrates were

reduced from the DIGR charts.

Test 117 through 116

The test conditions were:

Chamber pressure = 175 psia

Mixture ratio = 15, 12, 9, and 6
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Test 114, 115, and 116 were satisfactory. Test 113 was lost because of

an apparent poor oxidizer chill. Indications are that a larger vapor

pocket occurred just upstream of the main valve, resulting in transient

data throughout the test.

Test i17 through 119

The test conditions were:

Chamber pressure = 50 psia

Mixture ratio = 12, 12, and 15

All tests were satisfactory. A fourth test had been scheduled, but one

chamber pressure No. 2 transducer failed during test 119.

Test 120 through 122

The test conditions were:

Chamber pressure = 50 psia

Mixture ratio = 15, 12, and 15

All tests were satisfactory. Test 122 was allowed to go to thrust chamber

skin temperature red line value. The duration was approximately 6 seconds.

No hardware damage was noted.
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Test 12] through 126

The test conditions were:

Chamber pressure = 50 psia

Mixture ratio = _, _, 9, and 9

Test 123 and 12_ exceeded the maximum allowable buzz limit. Other tests

were satisfactory.

Test 127 through 130

The test conditions were:

Chamber pressure = 50 psia

Mixture ratio = 15, 15, 12, and 12

All tests were satisfactory.

TASK IV

The following tests were conducted during Task IV and all had a nominal

chamber pressure of 50 psia.

Test 1_6 through 1_8 (1966_

The test conditions were:

Mixture ratio = 9, 12, 15
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These were the initial tests for Task IV and al£itude simulation was

deleted. The test purpose was to recalibrate the system after several

changes that were made in the feed systems. The LF 2 temperature was

colder than anticipated and actual mixture ratio was ii, i_, and 18.

Test 149 exceeds the allowable buzz limit.

Test 1_9 through 151

The test conditions were:

Mixture ratio 9, 15, 9

Calibration tests with no altitude simulation. Test 1_9 exceeds the

allowable buzz limit.

Test 152

The test conditions were:

Mixture ratio = 15

A fire occurred in the fluorine main valve at test start. Damage was

limited to the valve and some instrumentation wiring.

Test 153 through 155

Mixture ratio 9.5, 9, 8.5

Calibration test with no altitude simulation. New LF 2 main valve

installed pretest.
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Test 12] through 126

The test conditions were:

Chamber pressure = 50 psia

Mixture ratio = 4, 4, 9, and 9

Test 123 and 124 exceeded the maximum allowable buzz limit. Other tests

were satisfactory.

Test 127 through 130

The test conditions were:

Chamber pressure = 50 psia

Mixture ratio = 15, 15, 12, and 12

All tests were satisfactory.

TASK IV

The following tests were conducted during Task IV and all had a nominal

chamber pressure of 50 psia.

Test 146 through 148 (_1966)

The test conditions were:

Mixture ratio = 9, 12, 15
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These were the initial tests for Task IV and altitude simulation was

deleted. The test purpose was to recalibrate the system after several

changes that were made in the feed systems. The I_ 2 temperature was

colder than anticipated and actual mixture ratio was Ii, 14, and 18.

Test 149 exceeds the allowable buzz limit.

Test 149 through 151

The test conditions were:

Mixture ratio 9, 15, 9

Calibration tests with no altitude simulation. Test i_9 exceeds the

allowable buzz limit.

Test 152

The test conditions were:

Mixture ratio = 15

A fire occurred in the fluorine main valve at test start. Damage was

limited to the valve and some instrumentation wiring.

Test 155 through 155

Mixture ratio 9.5, 9, 8.5

Calibration test with no altitude simulation. New LF 2 main valve

installed pretest.
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Test 156 through 158

Mixture ratio 9.5, 9.0, 8.5

Repeat of previous test.

Test 159 and 160

Mixture ratio 9, 9

Satisfactory test.

Test 161 through 163

Mixture ratio 9, 9, 9

Allowable buzz level exceeded on all tests.

Test 16_ through 167

Mixture ratio 15, 12, 15, 12

Allowable buzz level exceeded on first two teats. Malfunction of hydro-

gen servo system resulted in excessively low mixture ratio on the second

test.
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Test 168 through 171

Mixture ratio 15, 12, 15, 12

Required altitude was not attained because of altitude capsule door

failing to shut completely.

Test 172 through 175

Mixture ratio 15, 12, 15, 12

Satisfactory test.

Test 001 through 002 (1967)

Mixture ratio 12, 15, 12, 15

Satisfactory test except chamber pressure and mixture ratio low because

of excessive oxidizer system pressure drop. No apparent reason.

Test 005 through 007

Mixture ratio 12, 15, 15

Ambient test for system checkout and calibration. Satisfactory test.

Test 008 and 009

Mixture ratio 12, 15

Chamber pressure excessively high.
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Test 010 through 012

Mixture ratio 12, 15, 12

Satisfactory test.

Test 013 through 016

Mixture ratio 12, 15, 12, 15

Satisfactory test.

Test 017 through 020

Mixture ratio 12, 15_ 12, 15

Data questionable because of excessive thrust system hysterisis in the

posttest calibration. The thrust system was realligned after the test.

Test 021 through 02_

Mixture ratio 9, ii, 9, II

The allowable buzz level was exceeded on the first three tests.

Test 025 through 028

Mixture ratio 9, 11, 9, 11

Satisfactory test.
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APPENDIX C

MEAS_ SYSTEM ANALYSES

As a part of the overall analyses of the test data, an estimate of precision

of the vacuum thrust coefficient value was made. This was accomplished by

statistically combining the precisions of the parameters which define the

thrust coefficient. The term "precision" used here represents an overall

measurement uncertainty and includes traceability to the National Bureau

of Standards. The mathematical model used to calculate these precisions

is consistent with Rocketdyne's formal measurement systems analysis pro-

gram used in acceptance testing of rocket engines and components. In

this method, all precisions are quoted on a 95-percent confidence basis.

The results are presented in subsequent paragraphs and summarized in

Table C-I.

THRUST

Vacuum thrust is computed from three independent measurements; measured or

ambient thrust, environmental (altitude chamber) pressure, and thrust cham-

ber nozzle exit area as follows:

F = F + P A
vac meas a e

Each of these measurements is discussed below.

Measured Thrust

Precision for this measurement was computed on the basis of the repeatabil-

ity of the key number computed from the end-to-end system calibrations con-

ducted before and after each hyperflow operation. The key number is the

scaling factor determined for the particular measurement as discussed in

the Data Reduction section of this report.
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T._B]._ C-1

MEASUREMENT PRECISION

Parameter Precision, percent

Measured Thrust

Environmental Pressure

Exit Area

Vacuum Thrust

Chamber Pressure

Throat Area

±1.79

±0.202

± O. O97

±0.32
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MEAS_ SYSTEM ANALYSES

As a part of the overall analyses of the test data, an estimate of precision

of the vacuum thrust coefficient value was made. This was accomplished by

statistically combining the precisions of the parameters which define the

thrust coefficient. The term "precision" used here represents an overall

measurement uncertainty and includes traceability to the National Bureau

of Standards. The mathematical model used to calculate these precisions

is consistent with Rocketdyne's formal measurement systems analysis pro-

gram used in acceptance testing of rocket engines and components. In

this method, all precisions are quoted on a 95-percent confidence basis.

The results are presented in subsequent paragraphs and summarized in

Table C-1.

THRUST

Vacuum thrust is computed from three independent measurements; measured or

ambient thrust, environmental (altitude chamber) pressure, and thrust cham-

ber nozzle exit area as follows:

F = F + P A
vac meas a e

Each of these measurements is discussed below.

Measured Thrust

Precision for this measurement was computed on the basis of the repeatabil-

ity of the key number computed from the end-to-end system calibrations con-

ducted before and after each hyperflow operation. The key number is the

scaling factor determined for the particular measurement as discussed in

the Data Reduction section of this report.
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TABLE C-1

_A_ PRECISION

Parameter Precision, percent

Measured Thrust

Environmental Pressure

Exit Area

Vacuum Thrust

Chamber Pressure

Throat Area

+1.79

+-0.202

± O. 097

±0.32
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Precision is calculated from the following equation:

where

t = Students distribution for 95-percent confidence level

Y
max

Y

= Maximum deflection equivalent to 100-percent full scale

= Observed deflection

SP
S

SP
r

= Recording system span

= Required system span

SP t

Ct

= Span at which traceability constant percentage is based

= Traceability constant

K = Number of parameters estimated in order to define Y

N = Numb.er of samples

W,
1

^

Y

= Weighting factor for an individual sample

The average of the sum of the squares of the individual

weighting factors

2

i=l W 2

= Weighted mean

N 2

^ _ w. Y.
y = 1 x

i=l/-_ W2

where

W 2 = The sum of the squares of the individual weighting factors
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Each of the samples is independent and each has equal weight consequently,

the equation can be reduced to the form

Precision = s 100t
N +

1 (N-K)]

Table C-2shows the calibration key numbers for the four thrust systems used

during the latter portion of the test program. The remainder of the terms

are:

SP = 1400 pounds
s

SP = 1200 pounds
r

Y = 1400 pounds
max

SP t = 4000 pounds

C t = 0.025 percent

N = 7

K = 1

t
0.05 - 2.45
2

Substituting in the equation yields the following:

Precision FI-1 (13A) = 0.3494

Precision F1-2 (13B) = 0.6363

Precision F2-1 (lbA) = 0.2402

Precision F2-2 (14B) = 0.2548
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TABLE C-2

THRUST CALIBRATION KEY NUMBERS

Recorder and Key Number

Test No. 1)B I_A 14B

1-4

8-9

10-12

15-16

17-20 _

24

25-28

13A

1160.01 1159

i154.2_ 1151

1149.98 1167

1150.55 1170

1155.92 1170

1149.46 1174

1146.47 1166

.23

.33

.49

.63

.h8

.81

.66

1161.94

1161.15

1159.63

1168.55

1163.80

1163.78

1160.51

1161.80

1161.99

1160.19

1166.76

1168.00

1166.62

1161.85

_Pretes% only
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Statistically combining these, a pooled precision is obtained:

-. 1

Precision FmeaSpool N = 0.403

This can be considered as the best estimate of the precision of each of the

measurements. Combining this then, the precision of the averaged value of

the four measurements is:

Precision F =
mea s _-_

PrecisiOnFmea s
pool

where M is the number of measurements.

Precision F = 0.2015
meas

Environmental Pressure ,(Altitude _hamber Pressure)

End-to-end calibrations were not made on pressure measurement systems.

Consequently, the precision for this measurement had to be estimated by

combining the estimated precision of the recording system with that ob-

tained during the laboratory calibration of pressure transducer. The re-

cording system precision was estimated by evaluating the deviation of the

system when subjected to a known input. This was accomplished by obtaining

a pooled deviation based on the variation of the pre- and posttest elec-

trical simulation.

f 1 2lap = _ _ (Xl - x2)
a N

pool

1/2

where

X 1 = pretest span

X 2 = posttest span
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Then

Precision P
a --L_J k:G.d_, + x

where PR = transducer calibration precision including NBS traceability.

Substituting, using the Task IV set of test data as representative

Ea <_0-'_) \ 0.2 ,/ _j 5._4 x i0-

(0.169)2_ 1/2 = 0.175

+

Exit Area

Four diameter measurements were made each time the exit area was measured.

The possible error in this measurement was analyzed in terms of the devia-

tion within each set. These deviations were then combined as above to

determine a pooled deviation for the data.

The resultant is then multiplied by the corresponding "t" factor for the

95-percent confidence band

(Y Depoo 1 (t) = 0.292 inch

which is equivalent to 0.898 percent. For the area, this then is equivalent

to 1.79 percent.
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Thrust Vacuum

Because vacuum thrust is a function of the various measurements as indi-

cated previously, the various precisions of these measurements must be

combined to obtain the overall precision of the measurement. It is obvious

that these measurements do not contribute equally to the final value of

thrust; therefore, influence coefficients for each of the parameters must

be included in the analysis.

This is accomplished as follows:

F = F +PA
vac meas a e

_F 2 5F 2 _F 2
2 v 2 v 2 v 2

_F = 5F ffF + 5P ap + 5--_- aAv m a a e e
m

Evaluating this at nominal values:

_F 2 = (1) 2 _;F 2 + (Ae)20"p 2 + ('Pa)2 _A 2
v m a e

defining:
% % %

m a e

PreCFmeas =--;F PreePa = _;P PreeAe = _--;
m a e

and
%

vac
Prec F -

vac

vac

and substituting,then:

(Fv)2 PrecF 2
V

= [Prec F (Fm)_ 2 + (A-e)2(-tTa Precp )2 + _a2(_e Prec A )2
m a e
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Precr2 =, =__lv [(_ pre_ )2+ (X-e Pa Precp )2+ (Pa Ae PrecA )2_
v -v m a e

assuming nominal values

= 1233 pounds
v

F = 1200 pounds
m

2
2 = 83o in.

e

P = 0.04 psia
a

then

Precision F = 0.202
vac

CHAMBER PRESSURE

Precision for the chamber pressure measurement was calculated in a manner

similar to that discussed previously for the environmental pressure. A

pooled deviation was computed based on the variation of the pre- and post-

test electrical simulation, then combining this with transducer precision

the following values were obtained.

Prec Pc-1 = 0.2000

Pc2-2 = 0.1288

Pc2-3 = 0.1988
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Early in the program, it was decided that averaging for computing the cham-

ber pressure from the three measurements would be done on a weighed basis

utilizing the precision of the transducer to compute the weighing factor.

This follows from the assumption that on the average precision one record-

ing system is essentially the same as another. This was subsequently

verified when the posttest analysis of the recording system variances was

conducZed. The averaging method used results in the following:

Assuming A, B, and C represent the precision of the three transducers then

1 1 1
Pc2A + B Pc2B + C Pc3C

Pc2 avg 1 1 1

this reduces to:

Pc2 avg BC + AC + AB

(BC) Pc2A + (AC) Pc2B + (AB) Pc2B

Statistically summing this to obtain the precision of the averaged chamber

pressure is accomplished as follows:

PreCPc2 avg I(BC!2A + (AC)2B 2 +

(AB)2C21

(BC + AC + AB) 2 J

1/2

if-

3 ABC
BC + AC + AB

Then, substituting the above

Precp = 0.097
c2 avg
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THROAT AREA

Evaluating throat area in the same manner as discussed previously for the

exit area:

ffDt (t) = 0.007 inch

pool

= 0.16 percent

which would be equal to 0.32 percent for the throat area.

THRUST COEFFICIENT

The precision of the final vacuum thrust coefficient was computed from the

basic equation,

Fvac = PC At CF
us

as shown below

CF -

F
va c

PC At
us

2 : _5-_-J O'F2 +

= + A ffp2
C
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2 2 _p2 _ 2
_CF _F c At

C-T2 _ 2 + -Pc2 + At2

2 1/2

PreecF = [PreeF2vae + PreeP2e + PreeAt]

= [0.0408 + 0.0094 + 0.1024] 1/2 = [0.1626] 1/2

= 0.403
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